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ABSTRACT 
The temporal and spatial response of an alluvial reach 
to imposed steady and non-steady flows is examined under non-
equilibrium conditions, specifically the case where the bedload 
input at the upstream boundary is zero. 
The experimental research to date in the areas of initial 
motion, steady flow and non-steady flow non-equilibrium bedload 
transport and general mathematical models for non-equilibrium 
alluvial conditions are reviewed. Some of the assumptions of the 
models are questioned, particularly the use of an equilibrium 
transport formula under transient conditions. 
A qualitative approach to understanding the physics of the 
bed response is achieved by the. development of conceptual mod~ls. 
Comparison procedures are also developed to resolve differences in 
bed-load transport rates, due to firstly non-equilibrium effects 
and secondly non-steady flow effects, from appropriate experimental 
data sets. 
An experimental programme was designed to test the assumptions 
of the mathematical m~dels by examining the bed response for 
different reach lengths and for both steady and non-steady flows. 
The steady flow non-equilibrium transport rates were compared 
with comparable local equilibrium transport capacity rates at 
selected time intervals and spatial positions. In the comparison 
process, the same mean flow velocity is common to both states, 
enab}ing the transport rates to be compared. The difference between 
local equilibrium capacity rates and non-equilibrium rates exhibited 
+ a spatial and temporal variation, being a maximum at x = 0 and 
decreasing to a small value as the end of the local scour hole is 
approached. 
The non-steady flow types tested were triangular translation 
waves and step changes in discharge. Non-steady flow non-equilibrium 
transport rates are compared with comparable steady flow non-
equilibrium transport rates at selected time intervals. In this 
comparison process the mean stage and bed levels are equated for 
both states. Differences in transport rates between these two states 
were observed, due to a non-steady flow bed response effect. For 
step changes in discharge an initial transient phase is present, 
characterised by a temporal lag and a transport rate difference. 
vii 
For translation waves, the bed response effect is more significant 
for the steeper waves, given the same wave peak discharge. The 
bed response effect is a maximum at the downstream end of the local 
scour hole and diminishes as the end of the general scour hole is 
approached. The bed response effect is intimately connected with 
the delayed response of the dune bedforms downstream of the local 
scour hole. 
The performance of the mathematical model for the non-
equilibrium state will be poor when the reach length is less than 
the general scour hole length due to the bed response effect and 
the use of an· equilibrium transport formula. 
Other aspects of reach response which receive attention 
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CHAPTER 1 
INTRODUCTION 
1.1 PROBLEM STATEMENT 
Water flowing over a bed composed of cohesionless sediment 
exerts hydrodynamic forces on the sediment grains. If these forces 
are suf,ficiently large, a finite quantity of sediment will be en-
trained by the flow and transported according to the sediment load 
carrying capacity of the flow. The transport of sediment derived 
from the bed can be separated into two components: suspended sed-
iment load where the grains were entrained into the main flow field 
and consequently move at the mean flow velocity; and bedload, where 
the grains are moved along the bed surface by rolling or sliding and 
occasionally by saltation into the flow near the bed, the velocity 
of the grains being much less than the mean flow velocity. Herein, 
only the bedload component of the sediment transport load will be 
considered. 
Bed-material transport rt.nations for alluvial channels are gen-
erally based on an equilibrium criterion. An equilibrium state for 
a given alluvial reach can be defined as a sediment transport input-
output balance over a sufficiently long, but finite, time interval. 
However, conditions in natural alluvial channels are generally non-
steady in either the flow phase or the sediment phase (defined as non-
equilibrium) or both. Therefore channels, which are in equilibrium 
over long periods of time, may be subject to significant deviations 
1 
or transients over much shorter time intervals. Transients in alluvial 
channels are commonly caused by: changes in the upstream sediment 
transport supply; introduction of man-made hydraulic structures e.g. 
sediment barriers and either inflow or outflow diversion of large 
quantities of water; and non-steady flow conditions e.g. flood waves 
or abrupt changes from one equilibrium flow state to another. 
2 
Large, steep, gravel bed rivers are characteristic of New Zealand 
river systems. The stability of these rivers with regard to mitigation 
of floods and the effects of hydro-electric structures and irrigation 
diversions, is of e~onomic importance. It is generally recognized 
that the bulk of the annual sediment yield of a river may be trans-
ported by only a few storm run-offs annually e.g. Waimakariri River, 
N.Z. {Griffiths (1979)}, and Wairoa-Waimea Rivers, N.Z. {Pemberton 
(1979)}. This is particularly true for coarser non-uniform gravel 
rivers where armouring of the bed surface can occur during sustained low 
to medium flows. 
Modelling of the flow component, for both steady and non-steady 
flows, has met with a large measure of success. How the sediment phase 
under transient conditions is to be dealt with is, as yet, not clearly 
defined. Commenting on the future needs in the sediment field, Wolman 
(1977), suggested: (p51) 
"Both erosion and transport in natural systems vary 
with time. Perhaps a major need is to understand 
the way in which discontinuous (transient) trans-
port processes take place in channels" 
and concluded (p54) 
11 as always, we know very little in detail about 
the sequential microprocesses involved in erosion 
and sedimentation, but much about the gross impact 
of some climatic and flow conditions ... From both 
a theoretical and practical point of view, more 
attention is needed to unsteady or transient phen-
omena of erosion and transportation." 
Consequently, theoretical and experimental research in this area must 
be directed firstly; at understanding the physics of the phenomenon 
of non-equilibrium bedload transportation under steady and non-steady 
flows and secondly; at making quantitative predictions of the alluvial 
system behaviour, in particular, the estimation of bedload transport 
rates and yields, the effects of bedforms on roughness and transport 
rates and the prediction of stage-discharge rating curves. 
1.2 SCOPE OF THE THESIS 
The work reported herein forms part of a continuing research 
programme aimed at understanding the spatial and temporal variation 
3 
of the processes which occur during non-equilibrium conditions, subject 
to steady and non-steady water flows. In particular, non-equilibrium 
conditions within the general scour hole, which forms downstream of 
a fixed bed when the sediment input to the system is zero, were invest-
igated. The fluid phase is restricted to steady flows, abrupt step 
changes in discharge from threshold conditions, and triangular trans-
lation or flood waves also beginning from threshold conditions. The 
sediment phase consists of uniform, cohesionless, gravel particles. 
Therefore armouring of a non-uniform gravel bed was not considered. 
Except for the establishment of equilibrium transport conditions, the 
sediment supply to the system was zero. 
Threshold conditions were includedaspart of this study because 
of their importance in the determination of when scouring ceases for 
steady flow non-equilibrium conditions and because both the step changes 
in flow and the flood waves started from threshold conditions. The 
steady flow equilibrium transport state was studied briefly to serve 
as a check and a basis for comparison with the non-equilibrium state. 
Chapter 2 is a review of the literature relevant to this study. 
It includes also a brief discussion of current mathematical models and 
specific problems to be examined in this thesis are posed. 
In Chapter 3, the physical alluvial system is defined and its 
response predicted qualitatively using conceptual models for equilibrium 
and non-equilibrium transport conditions. Comparison procedures to 
4 
relate experimental transport rates from different states are also dis-
cussed. 
Chapters 4 and 5 are devoted to a description of the design 
and procedures of the experimental programme and the apparatus used 
to obtain the relevant measurements. 
Results of the experimental investigation are presented and dis-
cussed in Chapters 6,7 and 8 for the respective states listed below: 
(1) Initial Motion and Equilibrium Transport 
(2) Steady Flow Non-equilibrium Transport 
(3) Non-steady Flow Non-equilibrium Transport 
A set of conclusions and recommendations for future work are 
given in the final chapter. 
All theoretical and experimental detail including formulae and 
data, not directly relevant to the thread of the main text, are rele-




A review of previous research in the fields of initial particle 
motion, steady and non-steady flow non-equilibrium bedload transport 
and non-.steady bedform development is presented. The implications of 
the established research results relevant to the study herein are dis-
cussed, leading to specific areas of need, which have been set as a 
guide for the research programme. 
2.2 INITIAL MOTION 
5 
A turbulent flow of water, over a non-cohesive sediment bed, 
exerts hydrodynamic forces on the solid grains comprising the bed sur-
face layer. These forces fluctuate with time but conform to a certain 
mean value, given constant flow characteristics. For small flow inten-
sities, most of the solid particles remain in position, because the 
resisting forces acting on the particles are greater than the applied 
hydrodynamic forces {Raudkivi (1976)}. As the flow intensity increases, 
greater numbers of particles are displaced by the fluctuating applied 
forces when their magnitude is instantaneously greater than the resist-
ing forces, even if mean conditions do not produce movement. Hence 
the definition of a critical or initial motion condition by various 
researchers has tended to be subjective resulting in a wide array of 
initial motion formulae, as shown by Chien (1954), whose Figure 4 shows 
that predicted values of critical tractive force can differ by up to 
an order of magnitude for a given mean grain diameter. 
The classic work on the initiation of motion is that of Shields 








= fn (Re ) 
* 
. • • ( 2. 1) 
where Y is the Shields Entrainment function and Re is the particle 
* 
Reynolds Number. The other symbols are defined as: To= mean bed 
shear stress, y = g(p_ - p) which is the submerged specific weight 
s s 
of sediment, 0 50 = mean grain size, u*b = bed shear velocity= 
•t.i 
(T 0/p) ;V,p = kinematic viscosity and density of the fluid respectively 
and ps = the density of the sediment grains. 
6 
Shields obtained the critical mean bed shear stress by an extra-
polation process back to a zero transport rate. However, in practice 
one has no alternative but to identify the initial motion of grains 
by a certain degree o-f established sediment transport. Paintal (1971a) 
measured transport rates for a wide range of Shields Entrainment function 
below the Shields curve*, defined by equation 2.1, for Re > 38. He 
* 
found that the relationship between the sediment transport rate and 
the entrainment function Y, for g: < 10-2 , was a high 16th power cor-
relation, where 
K yl6 ... (2.2) 
where K= 6,56 X 1018, s is the specific gravity of the sediment and s 
gs is the bedload transport rate (dry weight/unit width/unit time). 
Pazis and Graf (1977) obtained an sth power correlation for equation 
* -3 2.2, for g < 5 x 10 . Taylor (1971) established a similar relation-
s 
ship to equation 2.2, with measured bedload transport rates, using 
(g✓u*bo50 ) instead of g;, where gv = the volumetric bedload transport 
rate/unit width. He found a similarly high power correlation of 17.5. 
*drawn later in 1939 by H. Rouse 
7 
It is clear, despite the wide range of exponent values, that a small 
increase in Y, and therefore bed shear stress, causes a major change 
in the transport rate. There are thus real difficulties associated 
with the definition of a critical shear stress when the transport rate 
is "zero". 
For initial motion conditions, what is needed is an arbitrary, 
flexible definition, specifying the degree of movement which is accept-
able in any g~ven situation. Neill (1968) and Neill and Yalin (1969) 
introduced this approach by incorporating a new parameter n, which is 
the number of grains detached per unit area per unit time, into equ-
ation 2.1. They showed that the following relationship obtains, 
••• (2.3) 
= 
or N = fn (Re , Y) 
* 
where N is the dimensionless erosion rate. Thus an initial motion 
criterion could be obtained by choosing a value of N. In this way, 
the subjective nature of a qualitative criterion and also the problems 
associated with an extrapolation process, are avoided. 
One influence however, which will affect the quantitative ero-
sion rate apporach, is the manner in which the particles are packed 
on the bed surface. Fenton and Abbott (1977} demonstrated that the 
threshold Shields Entrainment function possessed a marked dependence 
on the relative protrusion (p/D ) of grains into the flow stream above 
50 
the surrounding bed. For example, they found that the threshold value 
of Y(=Y) of a spherical grain resting on the top of an otherwise plane 
C 
bed of spherical grains (p/D50 = .82), was 0.01, which is considerably 
less than the value of 0.056 for the rough turbulent zone of the Shields 
curve. 
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2.3 STEADY FLOW, NON-EQUILIBRIUM TRANSPORT 
2.3.l Introduction 
Past research of alluvial systems has centred on steady and 
uniform conditions with regard to both the flow and sediment phases 
e.g. reviews by Shen (1971), Graf (1971), Raudkivi (1976) and Yalin 
(1977). However, many of the dynamic processes which shape the river 
bed resulting in degradation or aggradation, are due to non-equilibrium 
transport conditions, and as such are non-steady processes even though 
the water discharge may be steady. After an alluvial system attains 
equilibrium with the upstream supply of sediment load, non-equilibrium 
conditions can result if a change occurs in that supply; an increase 
leading to deposition of sediment (aggradation) and a decrease leading 
to erosion of bed material (degradation). Herein, only the degrad-
ational case will be reviewed, but local scour due to obstructions 
and constrictions in the flow will not be considered. 
The critical case for any degradation or scour process occurs 
when the sediment supply is practically reduced to zero due, for ex-
ample, to the influence of hydraulic structures such as dams and culvert 
outlets. Estimation of the time development of local scour and the 
final equilibrium scour depth immediately below a hydraulic structure, 
together with estimation of the general degradation which occurs further 
downstream of the local scour hole, are problems continually faced 
by engineers. An early discussion of this problem was written by 
Lane (1934). 
2.3.2 Experimental Research 
There are many varieties of local scour systems below hydraulic 
structures, each with its own particular geometry and hence local 
scour mechanisms. Some of these geometric configurations are shown 
in Simons and SentUrk (1977, p702). 
Experimental research with water jets and free overfalls im-
pinging on an alluvial bed, which has been prevalent because the flow 
could be represented simply by a constant velocity and a linear dim-
ension, led to a clearer understanding of local scour and its develop-
ment with time. Examples of such experimental research are: Laursen 
L --==--t L = 2 in,, 4 in,, and 5,5 In, 
FIGURE 2.1 
0 
Models of Submerged Opening 
-- Sand 8 h :Z t1our1, L : 2 to. 
--- Sand A ,,,_ b hovrt, L " S,S '"• 
Similarity of Scoured Beds in Models of Submerged Opening 
Local scour hole profile resulting from the action 
of a submerged jet, (after Li (1955)) 
(1952), Rajaratnam and Berry (1977), A.S.C.E. (1975, p49-58), Li (1955) 
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and several papers under the heading, "Erosion and Local Scour Down-
stream from Hydraulic Structures" in the Proceedings of the 12th Congress, 
Volume 3, of the I.A.H.R. (1967). A typical scour hole due to scouring 
by a submerged jet is shown in Figure 2.1, after Li (1955), where fur-
ther downstream, threshold conditions are usually present on the ori-
ginal bed surface. Various stilling basin geometries and steps immed-
iately upstream of an erodible bed have also been extensively tested 
e.g. Novak (1961), Schoppmann (1975) and Doddiah (1967). 
Although the geometric configurations were different, some 
principles of local scour are common to most cases. Chuna (1975) out-
lined four distinct phases present during experiments of the develop-
ment of any local scour phenomenon. These may be listed as : 
(1) Initial transition phase from t = 0, where d = 0, 
max 
up to the start of the first principal phase. 
initial phase is a relatively short period and 
one of rapid scouring. (d = maximum scour 
max 
depth at any time t) 
(2) Principal phase 1, where the rate of scour dee-
This 
reases as the bed profile is enlarged and deep-




• • • (2 .4) 
where a,b are constants describing the character-
istics of the flow and bed sediment, and y is the 
flow depth or other suitable linear dimension. 
(3) Transition phase between the two principal phases 
where the final principal phase is approached asym-
ptotically. 
(4) Principal phase 2, the final phase where equilibrium 
is reached for a given set of initial conditions 
and geometric properties. 
Fewer experimental tests have been carried out to examine the 
local scour and general degradation downstream of a fixed rough plane 
bed or armoured protection layer, where the flow onto the erodible bed 
was subcritical* as distinct from supercritical flow for water jets 
and from free overfalls. Colaric, Pichon and Sananes (1967) and 
Breusers (1966) performed experiments using uniform sized sediment 
and found that the relationship 
was relevant for the first principal phase after an initial transition 
*Froude Number of the flow is less than 1.0 
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period. Breusers confirmed ~hat local scour profiles with the same 
dimensionless maximum depth(dm;x), where approximately the same in 
different bed materials and found that the value of the exponent b 
was 0.38. Watkins (1969) also carried out local scour experiments 
downstream of a short plane bed, but used a roof on the flume, 
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(i. e. effectively a rectangular conduit), to keep the depth constant. 
The absence of a free surface, which will introduce a different pre-
ssure distribution across the flow field, may have affected the results 
,--,~~, 
in comparison with free surface flows. After an initial transition 
phase, he obtained a relation of the form 
n d o:. log t 
max · 
for various gravel materials. Ettema (1980) conducted local scour 
experiments, where a break was made in an armoured protection layer, 
until a new equilibrium bed level was reached downstream of .the in~act 
upstream armour layer. He derived an approximate formula for the• final 
equilibrium maximum sco·ur depth d as 
max 
e 
d = (y2 - y 0)n max ••• (2.5) 
e 
where y0 = upstream flow approach depth, y2 = flow depth corresponding 
to threshold conditions on the general degraded bed further downstream 
from the localised scour hole and n = 1.3 to 2.6 for 0 50 > 0.7mm and 
n = 1.0 for 0 50 < 0.7mm, (ripple forming sediment). 
The profile shape of the local scour hole, which forms down-
stream of a fixed rough apron, and its interaction with the general 
degradation downstream, are also important considerations. With time, 
the scour hole profile will lengthen indefinitely as the deepest sec-
tion of the scour hole (or scour pit) approaches it equilibrium depth. 
The bedform, which the downstream extremity of the local scour hole 
takes, is likely to be related to the bedform regime which exists fur-
ther downstream e.g. for a ripple regime a ripple bedform is present 
at the end of the local scour hole, Figure 2.2, after Raudkivi (1965). 
This is a different situation from the local scour experiments using 
water jets and free overfalls shown in Figure 2.1, where downstream 
':w;;ati':.,.;=--;;dr:::;e,pt:;:hi=-----• ..------- wal&f' 1..,,c,4 
at crnt 3. 37 ,n, 





Local scour hole profile due to a subcritical 
flow, (after Raudkivi (1965)) 
of the dune bedform, a plane bed exists due to the presence of thres-
hold conditions. Padmavally et al. (1980) similarly postulated, for 
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a fixed rough upstream apron geometry, that perhaps dunes could be pre-
sent on the bed, downstream of the dune bedform at the downstream extre.-
mi ty of the local scour hole, although her flume length (approximately 
1 m) was too short to observe this phenomenon. Besides analysis of 
the scour hole development and shape, measurements and observation 
of turbulence structures and vortex systems within the local scour hole 
have been made e.g. Breusers (1966), Gruat and Pichon (1971) and 
Raudkivi (1965). These measurements have highlighted the effect of 
the complex flow field within the scour hole on the shape and develop-
ment of the resultant local scour. Breusers (1975) has attempted to 
describe mathematically this complex flow field by using the analogy 
of a free turbulent shear flow past a step expansion in a fixed channel 
floor. He obtained reasonable agreement between computed and measured 
velocity profiles and static pressure distributions. 
2.3.3 Mathematical Models 
Numerous mathematical and numerical models have been developed 
to estimate the local scour and general degradation, as a function of 
time, downstream of a sediment barrier such as a dam. As the process 
of general degradation in a river occurs over a long time period, 
(O {years}), most of the formulae and computational processes, under-
standably, apply to conditions where the discharge is assumed to be 
constant. 
The closed equation set generally used is set out below 
Flow Phase 
Non-uniform steady flow equation 
(z + y + u2) = -s 




where z = bedlevel above a horizontal datum, Sf= friction slope, 










ox 0 ••• (2.7) 
Momentum equation (transport formula) 
gs = fn(u,y) 
or gs = fn(T 0 - tc) • • • (2. 8) 
where P = bulk specific dry weight of sediment in the bed and T = 
S C 
critical or threshold shear stress. 
The computational procedure using forms of the above equations 
has been set out by Gessler (1971) as follows: 
(1) Evaluation of Sf and the water surface profile 
along the given alluvial reach, at intervals of 
(~x), for a chosen time interval using equation 
2.6. 
(2) Computation of the corresponding sediment trans-
port rate along the reach using the equilibrium 
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transport equation 2.8. 
(3) Application of the sediment continuity equation 
2.7 over the channel segments within the reach 
to find the degradation (~z) of the bed. 
(4) Determination of a new bed profile, z - ~z. 
0 
(5) Return to (1) for the next time interval. 
The final equilibrium profile is reached asymptotically as 
critical conditions on the bed are approached. Similar degradation 
models have been proposed by de Vries (1973), Cunge and Perdreau 
(1973), Aksoy (1971), Komura (1971), Hwang (1975), Ashida and Michiue 
(1971) and Hales, Shindala and Denson (1970). The authors of the lat-
ter four papers have also attempted to model the armouring process for 
non-uniform bed materials, which is important in almost all field ap-
plications, when degradation will cease at a much earlier stage due 
to the formation of an armour protection layer. All the mathematical 
models use a down-stream grade control in the bed such as a rock out-
crop, about which the degrading bed slope rotates. Field studies of 
degradation below dams have been compiled by Lane (1955) and Priest 
and Shindala (1974). 
Objections to the computational procedure of these models in-
clude the use of an equilibrium transport formula and the neglect of 
the .bed material already in transport within each distance segment 
~x. This neglect occurs if the time interval ~t, over which the com-
putational procedure outlined above {Gessler (1971)} is carried out, 
is short e.g. when sediment transported in one step ~t does not have 
sufficient time to leave the distance segment ~x. Consequently the 
erosive capacity of the flow for the new time step will be reduced. 
Clearly non-equilibrium conditions exist immediately downstream of 
a hydraulic structure, as any flow requires a finite length of channel 
bed to erode enough sediment to meet its steady flow transport capa-
city. Bogardi (1965) observed that confusion between equilibrium 
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transport capacity and actual sediment load, frequently resulted in 
appreciable discrepancies during the calculation of sediment transport, 
sometimes by using an equilibrium transport formula when non-equilib-
rium conditions existed. Tinney (1962), used a similar degradation 
computation procedure as outlined by Gessler, using the experimental 
results of Newton (1951). The mentioned problem of transport equations 
was circumvented by adjusting the coefficients of an equilibrium trans-
port formula to match the experimental bedload rates. 
It can be seen that the use of an equilibrium transport rate 
for a non-equilibrium state, is a crucial point of the computational 
procedure, as noted by Gessler (1971). This objection, together with 
the neglect of sediment in transport if the time step is short, will 
lead to an overestimation of the depth of degradation. For the con-
trasting case of aggradation, Soni, Garde and Ranga Raju (1977) found 
in general, that the actual transport rate was smaller than that under 
uniform flow conditions for a particular mean velocity (u). They also 
concluded, that a uniform flow resistance relationship could be used 
under non-uniform conditions, provided the local friction slope is used 
in place of the bed slope. These findings are likely to be applicable 
to the degradation case also. 
2.4 NON-STEADY FLOW, NON-EQUILIBRIUM TRANSPORT 
2.4.1 Introduction 
Many cases of degradation can be treated assuming the flow is 
steady when the discharge-time hydrograph variations are gradual. 
However, there are cases in which the flow must be treated as non-
steady and therefore the acceleration terms due to the changing dis-
charge must be added to the analysis. Thus for a non-equilibrium state, 
the non-steady effects on the bedload phase are not only caused by 
a change with time of the transport capacity due to the degrading bed 
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level, but also by changes in the transport capacity due to the chang-
ing flow discharge. Thus the need to define this state as a non-steady 
flow, non-equilibrium transport condition. 
2.4.2 Experimental Research 
Experimental data reflecting bedload transportation by non-steady 
flows is extremely limited in both scope and quantity, and has lagged 
considerably behind the development of mathematical models. 
de Vries (1965) created a long transition phase between two 
steady flow equilibrium transport states by a sudden step change in 
water level but maintaining the discharge and input sediment supply 
constant throughout. He found that the response of the bed was slow 
and thus questioned the use of an equilibrium transport formula to 
describe the local bedload transport during the transition phase.' 
Sutherland and Griffiths (1975,1977) and Griffiths (1976) using 
two sets of steady flQW and triangular translation wave experimental 
results, compared the bedload transport rates at several different 
times during the wave period with comparable steady flow transport 
rates at the same time. For the non-equilibrium case, where the up-
stream sediment supply was zero, it was found that the bedload trans-
port rates obtained during the translation waves were less than the 
comparable steady flow transport rates, which were derived by a com-
parison procedure. The qualitative reason put forward was that the 
differences between comparable steady flow and non-steady flow trans-
port rates were caused by changes in entrainment of bed-material occur-
ring more slowly than the changes in discharge. 
2.4.3 Mathematical Models 
Extensive development of mathematical models to simulate the 
deformation of an alluvial bed due to non-steady flows has been ach-
ieved in recent years. Essentially the work has been concerned with 
formulating an analytical model where the water behaviour is described 
by the St. Venant Equations and the sediment behaviour by the Exner 
erosion equation and an equilibrium transport rate predictor. The 
simplest one-dimensional model takes the following form: 
Flow Phase 
1 clu + u clu + cly s = - sf g clt g clx clx 0 ... (2.9) 
' cly + clu + cly 0 u ·y clx = clx clt ... (2.10) 
Sediment Phase 
clg 
+ p clz 0 s = 
clx s clt 
.•. (2.11) 
gs = fn ( u, y, .... ) (·2 .12) 
where S = - clz/ = bedslope. Usually the equilibrium transport o clx 





where u = q;'y = mean flow velocity and a,b are constants. However, 
equation 2.13 must necessarily be applied as a piecewise function, 
as the equilibrium transport rate relation curves downwards on a log-
arithmic plot, as threshold conditions are approached. 
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Attempts at modelling the non-steady flow, non-equilibrium trans-
port state, by various researchers, based on equations 2.9-2.12, have 
been made in a variety of ways, as shown in Figure 2.3. de Vries 
(1965) presented a graphical representation of the three characteristic 
celerities obtained from the governing equations; two for the water 
flow and one for the bed phase. He concluded that for flows in which 
the Froude Number was less than 0.6, or if low transport rates were 
present, then the characteristic celerities of the fluid flow may be 
assumed to tend to infinity in comparison with the bed celerity. On 
the basis of this simplification, several mathematical models, (Figure 
2.3), were proposed in which the flow was regarded as steady during 
each time step i.e. the inflow discharge hydrograph was transformed 
into a series of stepped constant discharges. The governing equations 
then reduce to the steady flow equation set, 2.6-2.8, for each time 
step. This approach has been dealt with in two ways; firstly the 
uncoupled mode where the flow and the bedlevel computations are com-
pleted sequentially and the required flow depth adjustments made for 
each time step, or secondly, the coupled mode where the governing eq-
uations are solved simutaneously when the bed deformations are assumed 
to be large during the time step. 
The other approach has been to solve the complete dynamic equa-
tion set, 2.9-2.12, particularly if the system is subject to changes 
in discharge where the local acceleration terms!~ and;~ are signif-
icant, over each time step. The mathematical models in this category 
employ one of two numerical schemes, (Figure 2.3), the characteristics 
or the finite difference methods. The latter method can once again 
be coupled or uncoupled with regard to the water flow and bed level 
computations, depending on whether 
ayl 
at z = canst. >> d I ft q = canst. 
, {Miloradov et al. (1971)}. 
A hybrid simulation model was developed by Sakhan, Riley and 
Renard (1972). They employed a systems engineering approach to solve 
a generalised version of equations 2.9-2.11 for ephemeral streams, 
combined with a stochastic sediment transfer equation which included 
the bedload and suspended sediment fractions. 
Few of the m~thematical models e.g. Bennett et al. (1977) and 
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Chen (1973), included the effect of the armouring process during degra-
dation. For high flood flows, armouring is unlikely to be significant 
until the advent of the slowly falling recession curve. 
For fixed bed cases, the non-steady water flow computation based 
on the St. Venant equations, has proved highly successful in the pre-
diction of transient flows; Gunaratnam and Perkins (1970) and the re-
view by Mahmood and Yevjevich (1975). For the movable bed model, where 
sediment motion is considered, Chen (1973) states that the mathemat-
ical model may reasonably describe the bed deformation, provided the 
sediment load and the armouring effect can be accurately determined. 
As stated previously in section 2.3.3, the use of an equilibrium trans-
port predictor may be suspect for certain steady flow, non-equilibrium 
states. If the changes in bedload entrainment occur more slowly than 
changes in discharge, then the uncertainty associated with the use of 
an equilibrium formula in a non-steady flow, non-equilibrium transport 
state will be compounded. Padmavally (1977) has made an unjustifiable 
development of the mathematical model by introducing a general momentum 
equation for the bedload layer in place of an equilibrium transport 
formula. She then proceeded to assume that the shear stress and the 
mean bed particle velocity, at any point x and time t, were the same 
as if the transport rate there was steady and uniform, because of a 
lack of non-steady flow data. 
2.5 BEDFORMS 
2.5.1 Experimental and Field Research 
Researchers have achieved some success in describing empiri-
cally the realationship of various bedform types and their geometric 
properties with gross parameters describing the steady flow hydraulic 
conditions e.g. reviews by Yalin (1977), Simons and Sentilrk (1977), , 
Raudkivi (1976) and Graf (1971). Herein, only the lower tranquil reg-
ime, with regard to the bedform type of Simons and Richardson (1961) 
will be considered. 
Field and experimental observations during non-steady flows 
have shown that the development of bedforms can deviate considerably 
from steady state predictions, using the instantaneous hydraulic 
parameters. 
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Field observations of bedforms which experience a temporal lag 
behind corresponding changes in discharge have been documented, pre-
dominantiy on sand bed rivers e.g. in the Red River by Neill (1969), 
the tidal reaches of the Weser River by Nasner (1973) and in the 
Mississippi River by Carey and Keller (1957). The latter authors noted 
that sand dunes on the Mississippi River were "smaller than they should 
be" on the rising limb of a flood wave and "larger than they should 
be" on the receding limb. Nasner (1973) found that for a duhe config-
uration in the Weser River 
(1) The bedform height varied more than its length 
(2) There was a phase lag between a change in dis-
charge and a change in bedform height 
(3) The stage of equilibrium was reached sooner 
for an increasing discharge than for~ dec-
reasing discharge 
Experimental evidence for the temporal lag associated with the 
imperfect adjustment of bedforms to changes in flow has been obtained 
by; Simons, Richardson and Haushild (1962), Jensen (1973) and Griffiths 
(1976) for flood waves; Gee (1975), Raichlen and Kennedy (1965) and 
Yalin (1975)for step changes in discharge or for an initial µrtificial 
plane bed; and Bayazit (1969) for reversing or periodic flows. Simons 
et al. (1962) found that the type of bedform, _consistent with a certain 
discharge, did not have the required time to develop fully before the 
imposition of~ new discharge produced from a stepped triangular hydro-
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graph. Thus they concluded that the resistance to flow also lagged behind. 
Bayazit (1969) likewise found that non-steadiness in reversing flows 
had an influence on the resistance because of the temporal delay re-
quired by ripples to adapt to the new flow conditions. 
Jensen (1973) and Griffiths (1976) measured the geometric pro-
perties of dunes under triangular translation waves using polystyrene 
balls (D50 = 1.5mm) and gravel (D50 = 4.02mm) respectively. The dune 
height was found to follow the water hydrograph, but with a certain 
lag, while the dune wavelength continued to increase throughout the 
wave passage. Gee (1975) examined bedform response by forcing an al-
teration in dune characteristics between two discrete steady flow eq-
uilibrium states using sand-sized sediment. The principal conclusions 
he arrived at, were that dune growth proceeded at a greater efficiency 
than dune destruction and that the bedload transport is a necessary 
condition for changes to occur in dune dimensions. Raichlen et al. 
(1965) and Yalin (1975) studied the growth of sand dunes from a plane 
bed and found that the change in bedform size is initially rapid, fol-
lowed by a period of slower growth as the equilibrium state was appro-
ached. 
2.5.2 Mathematical Models 
Mathematical models to determine the response of dunes to non-
steady flows have been attempted by Allen (1976a,b), Freds~e (1979) 
and Puls, Sundermann and Vollmers (1977). Allen (1976b) separated the 
response of dune into two categories, in the first of which the res-
ponse occurs at a much faster rate: 
(1) Change due to modification of individual bedforms 
(2) Change due to a creation-destruction process, where 
the original dunes are replaced by others more 
suited to the new flow conditions. 
To formulate the rate of change of.the dune configuration with time, 
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Allen introduced several empirical constants and assumptions. One 
assumption being that the discharge was strictly periodic with a long 
base period e.g. one year. Thus short term fluctuations due to indi-
vidual storm runoffs were ignored. This assumption will be more severe 
for gravel rivers, where the bulk of the bedload yield, and thus the 
greatest rate of change of bedforms, occurs in these individual storm 
runoffs. 
Freds~e (1979) modelled the response of dunes to sudden step 
changes in flow, where the change of the bedform configuration was by 
modification of the individual bedforms. Incorporating the changing 
resistance to flow during the transition period, he compared his model 
with results from the experiments of Gee (1975) and obtained satisfact-
ory agreement. By linearising his general equation set, Freds~e deter-
mined typical phase lags and response time scales for the water depth, 
grain resistance and dune steepness for weakly periodically varying 
flow, where small changes in discharge were assumed. 
Puls et al. (1977) based their model of non-steady bedform·pro-
pagation on the general two dimensional Navier-Stokes equations and 
a transport rate computation scheme. The transport rate computation, 
which modelled the sediment transfer processes of erosion, transport 
and sedimentation and the effects of turbulence, was assumed to be more 
suitable for bedform analysis than an equilibrium transport formula. 
The transport of bedload and bedform propagation are intimately 
connected, when bedforms are present on the bed. With the advent of 
the sonic bed sounder, several formulae have been proposed for the 
computation of the bedload transport rate from the bedform configur-
ation of the form 
g = p 
s s 
(N/s/m) ••. (2.14) 
for a triangula_r shaped bedform, where Cd and ~d are the mean celerity 
and height of the dunes respectively; Simons, Richardson and Nordin 
(1965). A similar form has been derived by stochastic methods for 
a random bedform configuration by Hubbell and Sayre (1964) and Shen 
and Cheong (1977). Therefore a lag in the response of dune bedforms 
to non-steady flows may induce a lag in the response of the bedload, 
(the reverse is also true where the bedload response affects the bed-
form response), provided the combination of the dune celerity and 
height magnitudes also lags behind. 
2.6 RESISTANCE AND STAGE-DISCHARGE RELATIONS 
2.6.1 Introduction 
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The relevance of the experimental bedform research in this con-
text is, that if dunes do appear and undergo different development from 
that in comparable steady flows, then loops will be produced in the 
stage-discharge curv~s. Furthermore, the flow resistance, whether 
assessed in terms of total shear stress or total friction factor, 
will be overestimated on the rising limb of a flood wave, and under-
estimated on the falling stage compared with the equilibrium state, 
as found by Simons et al. (1962). 
2.6.2 Resistance 
Several methods have been devised to determine the total resis-
tance offered to the flow by the e~odible sediment bed; reviews by 
Simons and Senturk (1977), Graf (1971) and Raudkivi (1976). The total 
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resistance, assessed by shear stress, friction slope or friction factor, 
can be separated into two components as first proposed by Einstein 
(1950). The first component described the grain roughness or surface 
drag and the second component represented the bedform roughness or 
form drag, thus 
f = f I + f" or '( = '( I + '( II 
0 0 0 
... (2.15) 
where f is the friction factor and the superscripts ( ' ) , (") refer to 
the grain and form roughness respectively. Commonly used methods, 
incorporating formulations for both resistance components, to compute 
the total resistance to flow, are those of Einstein and Barbarossa 
(1952) and Engelund and Hansen (1967), although considerable scatter 
of data from experiments and natural channels has been shown. 
These two methods have been incorporated into the non-steady 
flow mathematical model, Cunge and Simons (1975) and Bouvard et al. 
(1977), to replace the commonly used single valued Manning relation-
ship. Thus changes in resistance to flow, due to variations in the 
development of bedforms with discharge, are taken into consideration 
by the more complex resistance predictors, and will lead to a more 
realistic simulation of the flow phase. The comparison of the model 
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of Cunge et al. (1975) with experimental flow results was satisfactory 
for the flow phase, but the comparison of the sediment transport 'rate 
was once again poor, due to the use of an equilibrium transport formula, 
which overestimated the sediment transport concentration. 
2.6.3 Stage-Discharge Relations 
In natural channels, the stage-discharge rating curve, at a 
particular site, is not necessarily single valued, particularly for 
sand bed rivers where discontinuities may occur. Richardson and Simons 
(1973) state that shifts in the rating curve and hysteresis effects 
can occur due to scour and fill of the bed and/or banks, changes of 
the energy slope and changes in resistance to the flow resulting from 
changes in bedform configuration. Changes resulting from scour and 
fill can be eliminated by using a depth-discharge relation. The other 
two factors mentioned by Richardson et al. (1973) will cause loops 
or a hysteresis effect in the depth-discharge rating curve. 
Many stage-discharge rating prediction methods, using various 
resistance formulations, have been developed for steady flows in all-
uvial channels, {A.S.C.E. (1975), pl26-152}. The methods give dif-
ferent estimates and the user is invariably left to make a judgement 
as to the most appropriate value for his particular situation. 
Simons et al. (1962) also examined the variation of the depth-
discharge relation resulting from changes in bedform type and size, 
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by routing a stepped hydrograph through a sand bed flume. The follow-
ing observations were noted for the lower flow regime, where ripples 
and dunes were present: 
(1) For the rising stage, the resistance lagged the 
increase in discharge, because the bedform rough-
ness also lagged behind. Hence the depth was 
less than it would have been, if the bedforms 
could respond perfectly. 
(2) The opposite was true of the falling stage, where 
the dunes were larger (and therefore the resis-
tance) than required for equilibrium conditions. 
Therefore the depth was higher than that obtained 
for the same discharge on the rising stage. 
(3) The magnitude of spread of this hysteresis effect 
was found to be dependent primarily on the varia-
tion of bed roughness which was influenced by the 
rate of change of discharge with time as well as 
other sediment and flow parameters. 
Henderson (1966) also points out that the hysteresis effect 
on the stage-discharge relation can also be caused by the dynamic 
effects of the flood wave motion. The reason is that slope terms other 
than the bedslope, S, prescribe that the discharge is not a single-
o 
valued function of depth. Sensitivity of these dynamic effects to 
the size and shape of the stage-discharge loop have also been invest-
igated numerically by Ivanova (1967). 
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2.7 IMPLICATIONS FOR THIS STUDY 
This literature survey indicates areas in which research work 
would be most useful. Of the many, the need for experimental data must 
be a high priority. Specific aspects are 
(1) Further work is needed to test the usefulness of Neill's 
(1968) quantitative definition of initial motion. More data is also 
required to firmly establish the power correlation between the dimen-
sionless transport rate and the shear stress. 
(2) It appears that the properties and response of mathematical 
models for the steady flow, non-equilibrium state have been reasonably 
well explored theoretically. What is required now is more experimental 
and field data to determine the range of applicability of the assump-
tions made in the derivation of the models. This particularly applies 
to the use of an equilibrium sediment transport predictor in a non-
equilibrium situation e~g. degradation, as similarly investigated by 
Soni et al. (1977) for aggradation. 
Further experimental research is also required so that the dy-
namic processes and the shape of the local scour hole, which forms 
downstream of a solid fixed apron, may be more clearly understood. 
(3) The mathematical model for the non-steady flow, non-
equilibrium state has also been reasonably well explored theoretically 
in terms of computational procedures. However, the experimental and 
field data base for bedload transportation under non-steady flow con-
ditions has lagged considerably behind the theoretical development 
of the model. 
The same comments in (2) apply with regard to the use of an 
equilibrium transport formula, and will be reinforced if the bedload 
response lags the rate of change of discharge with time, as found by 
Griffiths (1976). 
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The experimental data base for non-steady non-equilibrium trans-
port conditions must be extended before improvements can be made to 
the mathematical model. What is unknown are the temporal and spatial 
variations of the bedload response to various transient flows. 
(4) The development of bedforms under non-steady flows and 
its connection with the resistance to flow, transport rates and stage-
discharge relations has been explored tentatively, mainly with regard 
to sand bed-material. What the situation might be for coarser gravel 
materials and steep flood waves remains relatively unexplored. 
Thus, although the theory is well substantiated for steady flow 
equilibrium transport situations, there are difficulties in its app-
lication to natural rivers, because seldom does the simplified steady 
state exist. It is believed that this study makes a contribution by 
seeking to comprehend the specific points outlined above. 
CHAPTER III 
THEORETICAL CONCEPTS AND COMPARISON MODELS 
3.1 SYNOPSIS 
In this chapter the physical alluvial system examined in this 
thesis is defined. Conceptual models and bedload transportation 
principles, relevant to the physical system, are discussed to gain 
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an insight into the bed response as a background for the quantitative 
experiments which are discussed ih the following chapters. Analytic 
models for alluvial systems are reviewed and an experimental model pre-
sented so thatcomparisons between steady and non-steady flows can be 
accomplished. 
3.2 ALLUVIAL SYSTEM RESPONSE 
3.2.1 Definition of the System and Internal Interactions 
The physical system considered is a constant width, finite length 
channel with a constant initial slope and a bed composed of fine uni-
form gravel particles (D 50 ·=. 2mm). The erodible section is set long-
itudinally between two fixed lengths of roughened bed which act as 
buffers to prevent flow non-uniformities entering the system. The 
systemisoperated in an open circuit fashion where sediment, which may 
or may not be added at the upstream end, is completely removed and 
measured at the downstream end. Three types of flow input to the sys-
tem will be considered; steady uniform flow, gradually varied non-
steady flows with linear changes in discharge with time, and rapidly 
varied flow with sudden step changes in discharge. The two types of 
sediment input considered are an equilibrium transport rate and zero 
input. The boundary and initial conditions for the physical system 
(Figure 3.1) with combinations of the above inputs are summarised 
below: 
(g (x,t) is the bedload transport rate/unit time/unit 
s 
width and q(x,t) is the water discharge/unit width.) 
(1) Equilibrium Transport 
Sediment: 
Water q(o,t) = q(xR,t) = constant 
(where xR is the reach length) 
(2) Non-Equilibrium Transport 
(a) Steady Flow 
Sediment: g (o,t<o) = constant, g (o,t>o) = 0 
s s 
Water q (o, t) = q(xR,t) = constant 
(b) Triangular Translation Wave Imposed on a Threshold 
Baseflow (q ) 
Sediment: 
Water 




= q(x O) = q 
R' c 
q(O,T/2~t<T) = qc + K2 (T-t) 
q(O,t>T) = q 
C 
where K1 , K2 are constants 
(c) Step Change in Discharge from q to q ---=----~-----~-----.c--=o--





q(o,t>o) = q + t.q = 
C 
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The fundamental aspects of alluvial mechanics are concerned with 
the inter-relationships between the water and sediment phases and the 
movable boundary separating the two phases. The system response is 
determined by the interaction of these three components shown in a 
simplified form in Figure 3.2, after Puls et al.(1977),and listed be-
low: 
(1) Above a definite critical mean velocity, the flow 
erodes material from the bed and transports it 
according to the applied fluid shear stress. 
(2) As the bed material is eroded or deposited, 
the alluvial bed profile is distorted giving rise 
to bedforms and changes in channel slope (degrad-
ation and aggradation) 
(3) The loose boundary profile then acts as a feed-
back mechanism altering the flow locally, where 
bedforms exist, and over much greater lengths for 
changes in channel slope 
(4) The bedload behaviour is strongly controlled by 
the bed geometry corresponding to the hydraulic 
conditions e.g. for a dune bed configuration the 
bedload transport rate time series at a point 
markedly fluctuates about a mean value 
(5) The final interaction is the effect of solid 
particles in motion on the dynamics of the fluid 
flow, which will be minimal for the case where 
suspended sediment transport is negligible and 
when the water depth to mean grain size ratio 
is large 
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FIGURE 3.1 : Physical alluvial system 
WATER FLOW 
'(!) a ® 
® 4 • SEDIMENT TRANSPORT 
.,0 h © 
BOUNDARY PROFILE 
FIGURE 3.2 Inter-relationships of the system components 
These relationships are complex in detail, and the principles 
involved are not, as yet, fully understood especially with regard to 
transient sediment transport processes. 
3.2.2 Steady Flow - Equilibrium Transport 
The interaction between a steady uniform flow and an alluvial 
bed, which leads to equilibrium of the system, is the simplest state 
that can be considered and has therefore received extensive treatment 
by investigators. Simply stated, equilibrium requires that: 
gs = g = constant se • • • (3 .1) 
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where gse and gs are the equilibrium capacity transport rate/unit 
width and the mean bedload transport rate/unit width. This has res-
ulted in a vast array of sediment transport formulae*, the best of 
which serve only as predictors for the likely maximum transpbrt cap-
acity, given a particular flow condition. The predicted maximum trans-
port capacity does not necessarily equal the sediment transport rate 
that actually occurs in a natural river. One reason for this anomaly 
is that while the steady equilibrium transport capacity may be attained 
for short periods, generally the natural processes present in any river 
system vary with time, sometimes in an abrupt manner. One other major 
reason is the availability of bed material. 
Bagnold (1966, pI3) defines a steady equilibrium system as 
follows : 
"A system which is defined as statistically steady 
and representative, not of conditions at a single 
cross section, but of average conditions along a 
length of channel sufficient to include all repet-
itive irregularities of shape, cross-section and 
boundary profile" 
The time scale, t, is an important consideration in the defin-
s 
ition of equilibrium transport conditions for an alluvial system where 
*White, Milli and Crabbe (1973) investigated the predictive powers 
of 18 formulae. 
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••• (3.2) 
Observation at a point of such an equilibrium system, on a microscale, 
for short time periods (O[secs]), when plane bed conditions exist, 
reveals a continual exchange of particles between the moving bedload 
layer and the bed, {Luque and van Beek (1976)}. Therefore three sedi-
ment transfer mechanisms exist for localized segments of the system 
{Puls et al. (1977)} as follows 
(1) Detachment of grains_from the bed (Synonymous with 
erosion or sediment pick-up) 
(2) Deposition of moving grains to a stationary position 
on the bed. (Synonymous with sedimentation) 
(3) Translation of particles at a characteristic trans-
port velocity. (Synonymous with transportation) 
However over a longer time span (or channel length for the spatial 
domain), the system can be viewed as in a state of equilibrium, as 
the rate of detachments will be equal to the deposition rate. This 
equality, necessary for stable bed conditions, forms the connecting 
link in the bedload formula of Einstein (1950). Similarly on a 
macroscale, conditions where bedforms develop result in regions of 
localised scour and fill {Foley (1975)}, but the system will be in 
equilibrium in a gross sense, when the time scale bver which the trans-
port rate is averaged, is of the same order as the translation period 
of the bedforms. 
A detailed understanding of the movement of bed-material load, 
caused by the entrainment of particles into the flow, cannot be ob-
tained from an equilibrium transport formula, which only yields 
spatially averaged transport rates for the system. Instead, the sedi-
ment transfer mechanisms can be incorporated into a simple conceptual 
model, (as outlined below), to gain this insight on'a microscale. This 
model is extended later in the chapter to steady and non-steady non-
equilibrium systems to gain a greater understanding of the concepts 
involved in these states. 
For the equilibrium transport model, the system can be viewed 
from different reference frames because each of the components; the 
flow, bedload transport and the fixed bed surface, (Figure 3.2), has 
a characteristic velocity. The average velocity of bedload particles 
(u) is considerably less than the local velocity of the surrounding p 
flow. Reasons why this occurs are the finite length required for ac-
celeration of the particles from rest, (the same applies for deceler-
ation), due to inertial effects and the resistance offered by the bed 
surface, and also the loss of kinetic energy through inter-particle 
collisions. When bedforms are present, their celerity (Cd) is again 
smaller than the velocity of grains on the back slope of the bedform. 
The reference frame relative to a stationary observer (or the 
fixed bed) was chosen for the conceptual model, shown in Figure 3·_3, 
for the overall system in equilibrium for both plane bed and bedform 
configurations. 
(1) Plane Bed Conditions (Figure 3.3a) 
The summation of various bed material weights, for each 
transfer mechanism, (erosion, deposition and transportation), moved 
during a short time period ~t', are represented by arrows where the 
width has been scaled with the equilibrium yield, g -tt'. The time se 
interval is tt' = tx/up (where tx is a small distance travelled by 
a particle with velocity u ). The following assumption is made to 
p 
simplify the model; all particles which are eroded and subsequently 
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transported, travel downstream with a constant characteristic particle 
velocity (u ). The system is shown in Figure 3.3(a) at the end of the 
p 
time period tt'. The following alphabetical sections refer to the 
circled labels on the diagram: 
lal The_ accumulated weight of bed material transported into 
section I during the time interval O < t ~ tt', which is equal to 
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G' (= g •lit') if the sediment input boundary condition is set at the se se 
appropriate value, to maintain an equilibrium balance in the system. 
None of this material features in the output lel from section I until 
the next time period, according to the above assumption. 
I b I , I c I , Id I T.he interaction between the fluid flow and the bed 
results in an exchange of particles from the flow to the bed, (total 
quantity of deposited particles= jdj), and from the bed to the surround-
ing flow, (total quantity of detached parttcles = jbj + lcl), during 
the time period. The necessity for the two quantities of eroded mat-
erial jbj and lcl stems from the spatial and temporal variations of 
sediment detachment within section I during the time lit'. Only some 
of the eroded particles, viz. those contained in lcl, join the output 
quantity I e I (shown by cross hatching) , while the rest, I b I , will re-
main within the section e.g. the case when particle a is detached early 
in the time interval compared to the particle 8 which is say detached 
near the end of the time interval. Further, a grain eroded from the 
bed may well be deposited again within section I as part of ldl. The 
net sum of the quantities lbl, lcl and jdl gives the net change in 
transported bed-material across section I in time lit'. 
lel The input to section I in the previous time interval, 
-lit' <t~ 0 was also G' se 
However the accumulated weight output from 
the same section in the current time interval is now, for example, 
greater than G' having the benefit of a net excess, jbl+lcl-lal, of 
se 
particles derived from the bed by erosion. This output quantity is 
also now the input quantity of bed material for section II in the same 
time period. 
The other sections II-V exhibit a similar pattern with spatial 
variations in the transported material between each section. The 
average of all these values will be the equilibrium transport rate 
which is equal tog . se 
---f..\Sj>S~ ---Jell!!!~~---
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(b) Bedform configuration 




(2) Bedform Configuration (Figure 3.3b) 
Again the accumulated bed material quantities, associated with 
each sediment transfer mechanism, moved in a time period l'.lt", are rep-
resented by arrows. The arrow width is scaled relative to the equilib-
rium transport yield, G" = g ·l'.lt" where l'.lt" = l'.lx/C (where l'.lx is 
se se d' 
the wavelength of the bedforms which are all assumed to be propagating 
at a constant celerity Cd). 
lal The input quantity to the system is set at G" to maintain 
se 
equilibrium. 
lbl lei !di The mechanism by which bedforms propagate downstream 




lbl, and transported, !al + lbl, rapidly on the upstream sur-
the bedform, up> Cd, and the majority are subsequently dep-
ldl, in the trough region after the particles avalanche down 
the steep downstream face. The deposited particles will remain at rest 
for periods of up to l'.lt", depending on the elevation at which they 
came to rest, before they are exposed again on the upstream surface 
of the bedform. On average the rest period will be \l'.lt". The quantity 
lei, shown with cross hatching, is eroded from the surface of the next 
bedform downstream and forms the bulk of the output quantity lei from 
section I in the time period l'.lt". 
lel The output quantity is the input to section II. The small 
unhatched portion is comprised of particles which continue in transport 
from the input, quantity lal, having overshot the deposit region in 
the trough. 
The bedform amplitudes will vary slightly along the reach length 
because of spatial and temporal variations in pick-up and deposition 
processes, but averaged over several bedforms, equilibrium conditions 
will exist. 
Although the internal quantities of bedload particles deposited 
and eroded within each segment l'.lx are different between the two cases, 
shown in Figure 3.3 by the quantities lbl, idl and lei, the spatial 
variation of the input and output quantities over several segments 
will be similar for each case. The mechanism by which particles are 
entrained will also be similar, and therefore any lag in the response 
of the bedload layer which occurs will also create a corresponding 
lag in the bedform configuration as shown by their interrelationship 
in Figure 3.2. Thus the conceptual models developed in the rest of 
the chapter will be limited to plane bed conditions for clarity. 
3.2.3 Steady Flow - Non-Equilibrium Transport 
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Consider the physical system initially in equilibrium with an 
appropriate sediment input rate. Under these conditions, as discussed 
in section 3.2.2, the flow at each section is transporting the same 
quantity of bed material, on average,with no net change in bed eleva-
tion with time. The transport rate under these conditions is equiv-
alent to the transport.capacity of the steady flow. Suppose that the 
equilibrium of the system is now disturbed by a change in the upstream 
sediment supply, resulting in a non-equilibrium situation. An increase 
in the sediment input will lead to aggradation of the bed in the reach 
while a decrease will cause degradation of the bed. Herein, only the 
response of the system when the upstream sediment supply is removed 
will be considered. 
After a step change in sediment input from equilibrium trans-
port to zero, the flow begins to scour the erodible bed at the upstream 
end of the reach, in an attempt to restore the system to equilibrium 
and so satisfy the transport capacity of the flow. Hence the bed 
material in the upper reach has become the internal sediment supply 
to the system, for the reach downstream of the general scour hole. 
Over the initial scouring section, the flow will be deficient in sed-
iment. The deficit can be expected to decrease in the downstream dir-
ection until the equilibrium transport rate is reached. 
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The entrainment mechanisms, resulting from the interaction of 
the flow field and the alluvial bed, will be similar to those operat-
ing under steady equilibrium conditions, except in that region of the 
scour hole from the edge of the fixed bed to the area of maximum scour 
depth. In this region a fluid vortex develops as observed later 
in section 7.2, with a noticeable reverse flow close to the bed cau-
sed by the separation of the main flow stream from the degraded bed 
surface. To predict accurately the entrainment and net downstream 
transport of sediment particles, a suitable description of the flow 
field within the scour hole is required. Breusers (1975) has presen-
ted a method which produces ah approximate description of the velocity 
distribution based on the diffusion equation for flow through a sudden 
enlargement. However, no general relation exists relating the local 
velocity of the surrounding flow near the bed, in the scour hole, to 
the local sedimenttransport rate. 
The interaction between the sediment transport and boundary 
profile components of the system can be related by the continuity 






-- 0 (3.3) 
where P = bulk specific dry weight of the bed sediment and z is the 
s 
bedlevel above a fixed horizontal datum (+ve. upwards). By the prin-
ciple of continuity, the net amount of material supplied from the general 
scour hole, must balance the volume of the scour hole adjusted for 
porosity. The bedload yield G from the general scour hole for the 
s 
period t = 0 until t = t is therefore 
t 
GS= I gs(Ls,t)dt = 
0 
L (t) 
Psl s lz(x,O) -z (x,t) lax 
0 
• • • (3 .4) 
where L (t) is the instantaneous general scour hole length taken from 
s 
x = 0 to the point where the mean bed profile intersects with the 
original bed level. 
The continuity equation in a finite difference form can also 
be used to obtain average sediment transport rates within the scour 
hole if a successive series of scour hole profiles is available. For 




P /J.z /J.x 
s ... (3.5) 
where an additional parameter n is introduced to account for devia-
s 
tions of the experimental profiles from a two dimensional profile 
across the channel width. With reference to the finite difference 
grid, shown in Figure 3.4, equation 3.5 becomes 
-P /J.x (-j+l -j-1) n 
s /J.t zi - zi · s ( 3. 6). 
where 
_j+l 
½ [ j+l j+l) z. = zi-1 + zi+l l. 
and -j-1 ½ [ j-1 j-11 z. = z. , + Z.: I, 
l. l.-.L .LT.LJ 
Given the upstream boundary condition, g~ = O, the average transport 
0 
rate at timet·rhl, (gj ) , can be computed for sections i = 1,2, •.. ,N. 
z si+l 
The section at which the transport rate reaches equilibrium, 
at the end of the general scour hole, can be visualised as lying on 
a characteristic curve in the x - t plane, (Figure 3.5), moving down-
stream indefinitely at a celerity C as long as the flow continues. 
s 
The system downstream of the scour hole must be in equilibrium as 
it lies in the constant state region of Figure 3.5, which remains 
under the influence of the initial condition, g (x,o) = g , until 
s se 
0 
the disturbance arrives. The encroachment of the scour hole into the 
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FIGURE 3.5 Propagation of a non-equilibrium disturbance in 
the x-t plane 
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FIGURE 3.6 Idealised general scour hole development and 
transport rate spatial distribution 
port rate within the reach length is shown in Figure 3.6, after in-
creasing periods of time. 
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A conceptual model, similar to the model discussed in section 
3.2.2, can be developed for the case of steady flow non-equilibrium 
transport, (Figure 3.7). The moving bed material volumes accumulated 
over a short time period At 1 , and associated with each sediment trans-
fer process, are again scaled according to the width of each arrow. 
At' = Ax/u (where u is the mean particle velocity) p p 
As the scour hole deepens the particle velocity decreases because 
of a decrease of the local fluid velocity in the vicinity of the bed 
and therefore the length of the section, Ax, must also decrease. The 
conceptual model is only considered for the case where plane bed con-
ditions exist in the equilibrium constant state region, for the rea-
sons given in section 3.2.2. Three different stages, representative 
of the response of the system to a halt in the input sediment supply, 
will be discussed below with reference to Figure 3.7 
(1) Figure 3.7(a) t<O 
Prior to the termination of the sediment input rate, g , the se 
0 
system is in overall equilibrium in spite of small local changes in 
rates of detachment and deposition at each section. This is the same 
as Figure 3.3a and a detailed explanation for this case can be found 
in section 3.2.2. 
(2) Figure 3.7(b) t = t 1 
The situation is shown at time t 1 (after the time interval 
t 1 - At'< t,t1 )* soon after the upstream sediment supply was severed, 
thus the sediment input lal to section I is zero. The accumulated 
weight of deposited particles ldl, shown for the first section, is 
probably small as the predominant transfer process will be detach-
ment because of the high erosive capacity of the flow. It is phy-
*The celerity of the scour hole edge, C, is not equal to u. s p 
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FIGURE 3.7 :. Steady flow non-equilibrium transport conceptual model 
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sically impossible for the system to respond instantaneously, creat-
ing a situation where, at x = 0, the transport rate is zero but every-
where else attains the equilibrium value. The flow requires a finite 
pick-up length, having to overcome friction exerted by the bed on 
individual grains and their inherent inertia. Therefore in section 
I, the total quantities of eroded material(lbl and lcJ) will not 
comp~etely satisfy the transporting capacity of the flow, leading to 
a reduction in the output from that section when compared to the out-
put before t = 0. The quantity of eroded material jbj remains in 
transport within section I at t = t 1 , but will form part of the out-
put during the next time period, provided no deposition occurs. The 
cross-hatched portion of the current output leJ is derived from par-
ticles eroded, Jcl, during the period just completed. The remainder 
of JeJ comes from Jbl of the previous time step. Section II, as dis-
tinct from the first section, receives an input lei during the time 
interval, and so the erosive capacity of the flow is reduced as it 
apprqaches the equilibrium sediment transport rate, which begins, 
for example, in section III, 
(c) Figure 3.7(c) t = t 
2 
At a later time t 2 , the bed has continued to degrade in the 
area affected by the non-equilibrium sediment transport state but the 
erosive capacity of the flow decreases as the flow velocity decreases 
due to the greater flow depth. The bed material quantities for ero-
sion from section I, Jbj and JcJ, will therefore be less than the 
eroded material for the situation exhibited in Figure 3.7(b). Sect-
ions I, II and III are also shorter in length because the average par-
ticle velocity decreases. The output from section I (input to sec-
tion II), comprising the eroded particles Jcl which pass out of the 
section plus particles in transport from the preceding time period, 
is therefore reduced, providing a mechanism whereby the scour hole 
length increases continuously, so that the transport capacity of the 
flow may be eventually satisfied. Hence equilibrium conditions begin 
much further downstream than was the case in Figure 3.7(b). 
3.2.4 Non-Steady Flow Non-Equilibrium Transport 
The physical system is that described in section 3.2.1, with 
the facility to generate non-steady flow inputs. The sediment trans-
port input to the system, for all the non-steady water flows, was 
zero for all time, and therefore there was no step-change in the up-
stream sediment supply as for the steady flow case (section 3.2.3). 
Under non-steady flow conditions, the transport capacity is altered 
due to changes in discharge, either in an abrupt step-like manner 
or in a continuous manner such as in a triangular translation wave. 
Both the entrainment process and scour hole development will 
be similar to the steady flow case with zero sediment input. However, 
the bed response characteristics will differ if the transporting 
capacity of the flow varies at a rate faster than that at which the 
sediment transport can respond. This will cause a difference bet-
ween the actual transport rate and the transport capacity of the flow. 
These differences, which are expected to increase as the rate of 
change of discharge with time increases, are in addition to those 
which occur for a comparable steady flow non-equilibrium transport 
situation (section 3.2.3). Hence two transient effects will be evi-
dent in the sediment phase; non-equilibrium effects and effects of 
bed response to non-steady flows. 
A non-steady flow, non-equilibrium transport alluvial system 
is the most complex state in terms of interactions between the system 
components (Figure 3.2). Whenever a change is imposed on the flow 
field, a change in boundary resistance, towards a roughness compat-
ible with the new flow conditions, is achieved by a change in bedform 
configuration. However, a change in the geometrical shape of the bed-
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forms requires the transfer of bed material by transportation, which 
cannot occur instantaneously with a change in flow conditions. To 
consider the response of the bed conceptually, only the response of 
the bedload transport layer on a plane bed will be considered as 
stated in section 3.2.2. 
A conceptual model presented below is based on small segments 
of a translation wave and is similar to the model proposed for steady 
non-equilibrium conditions. It does however, incorporate the varia-
tion with time of the mean particle velocity (u) and the mean flow 
p 
velocity. The same concepts, outlined below with the aid of the con-
ceptual model, will apply to the case of a step change in discharge, 
but in a.more severe sense, during the initial transient phase. 
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For simplification, the non-steady flow may be reduced to a 
steady-state flow. This is achieved by superimposing a velocity equal 
and opposite to the wave segment celerity (C) on the system, which w 
effectively changes the frame of reference from the viewpoint of a 
stationary observer to one moving with the wave segment., In this 
frame the velocities of the sediment particles and the static bed 
are (u - C) and (-C) respectively. The sediment transfer processes, 
p w w 
which occur as a wave segment propagates through the test reach, are 
shown in Figure 3.8 during the rising stage of a triangular trans-
lation wave. The bed-material quantities associated with each process 





where tx is the distance travelled in time tt~ by the wave segment 
propagating at a celerity C. The spatial position of wave segment w 
II, relative to the upstream fixed bed, is shown in each diagram 
at the end of the specified time interval. The accumulated weight 
of bed particles for each process over the time interval is repre-
sented by the thickness of an arrow scaled in proportion to the eq-
uivalent steady transport capacity of the segment II, 
G = g (II).8t>. 
se se 
The various components of the idealised conceptual model represented 
by each arrow are as follows: 
IAI These particles are eroded from the bed by the 
segment during the time interval but because 
the segment-is propagating at a much greater 
velocity than the transported particles, they 
will be left behind thus forming a portion of 
the input IFI to the following wave segment 
III (shown by cross hatching). This does not 
occur in Figure 3 .8 (a). 
IBI Particles in transport, which have either been 
eroded by the segment or passed on from the 
preceding segment I, which are deposited under 
segment II.during the time interval. 
lei This quantity has also been eroded by the seg-
ment, but remains in transport under the segment 
at the end of the time interval except those 
particles subsequently deposited with IBI. The 
particles in lcl will be those eroded by the 
leading section of the segment- and moved down-
stream a sufficient distance to maintain contact 
with the upstream section of the segment. 
lol Transported particles which are passed onto 
the segment from the preceding segment I, which 
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possesses a lower transport capacity. 
!El The total transported quantity under the segment 
at the end of the time interval comprises par-
ticles combined in the equation 
Quantity lei is composed of those particles which 
were transported under segment II at the end of 
the previous time period but have continued to 
maintain contact with the segment because they 
were formerly close to the leading edge of the 
segment. 
IFJ This quantity comprises particles in transport 
which are passed onto the following segment III 
which hasµ higher transport capacity than 
segment II. The quantity is calculated from 
Whe~e I 1" I_. ~ S -I-he ~·ua~t~ -1-u I EI f..,.om +-l,e pY".aH, Ql1C! l .L I u I ..L '-" ':1 .I.J. ..L. '-:t I I .L u 1,.....1..1, .&.. - V ..... --
time interval. 
None of the particles overtaken by segment II, 
ioJ, will form part of IFJ until the next time 
period. 
Using the four diagrams in Figure 3.8, the fluid-sediment 
transport interaction can be explained by way of a hypothetical 
example where specific quantities of bed particles are prescribed 
for each process, shown in square brackets, 
(1) Figure 3.8 (a) 
- wave segment position shown at t=t2 
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As the flow segment II proceeds from the fixed bed to the ero-
dible section, it will entrain sediment particles from the bed to 
begin satisfying the transport capacity of the segment, which is 
greater than the preceding segment I. This will require the passage 
over a finite length of erodible bed to overcome the non-equilibrium 
component of the sediment-transport and a finite time period for the 
bed to adjust to the non-steady component of the alluvial system. 
Therefore sediment transport rates in the present and all successive 
time periods will exhibit a similar spatial distribution to the steady 
flow non-equilibrium model (3.2.3) but will be smaller in magnitude 
due to the time lag associated with the delayed response of the bed. 
During the initial time period as the segment passes onto the 
erodible reach, it receives no external input of sediment. The trans-
port capacity of segment II for each time period is chosen as 15 units 
by way of example. Because the trailing edge of the segment is still 
in contact with the fixed bed at t = t 2 , none of the eroded material 
(e.g. lcl = 3 units) will be passed on to segment III, <IAI = 0). 
and all that is not redeposited will remain in transport under the 
se~ment. If the segment also received particles in transport from 
the preceding segment, Cini = 5), and deposits particles during the 
time interval <IBI = 1), the quantity of material in transport under 
the segment at t = t 2 is IEI equal to 7 units. 
(2} Figure 3.B(b) time interval t 2<t~t3 
wave position shown at t = t 3 
As the characteristic particle velocity is much less than the 
wave celerity, the particles in transport under the wave.segment 
at t = t 2 will be either l"eft behind as part of IFI or remain with 
the segment at t = t 3 <lei= 2) e.g. jEj> - lel = 7-2 = 5 units. 
This quantity will be joined by some of the particles eroded during 
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FIGURE 3.8 :_ Non-steady flow non-equilibrium conceptual 
model (rising stage of a triangular wave) 
quantity jFj passed on to segment III is jEj~ - jej + jAj = 7 units. 
Because the transport capacity of segment II is greater than that 
of segment I, the output quantity jFj will likewise be greater than 
the transported material passed on to segment II, joj~, during the 
previous time period e.g. compare jFj = 7 with joj~ = 5. Therefore 
the effect of the wave segment is to increase the momentum of the 
moving sediment layer by both a net erosion of more particles and 
an increase in the mean particle velocity (u) of those particles 
p 
already in transport. The material in transport under segment II 
at t = t 3 , (jEj = 11 units), has increased compared with the quantity 
jEj~ at t = t 2 , as the wave segment moves further into the scour 
hole. It would be expected that this quantity is still below a com-
parable steady flow non-equilibrium transport rate, given the same 
, scour hole dimensions and flow transporting capacity. 
(3) Figure 3.8(c) 
wave segment position at t = t 4 
The erosion capacity of the wave segment begins to decrease 
near the end of the scour hole as the sediment transport quantity 
= 12 units) becomes closer to the transport capacity, (G = 15 se 
units). Therefore the eroded quantities jAj and, especially, jcj 
will be reduced. 
(4) Figure 3,8(d) 
wave segment position at t = t 5 
The non-equilibrium transport component, resulting from the 
upstream boundary condition (g = O), is reduced to zero as the wave s 
segment moves downstream from the local scour hole region. Here the 
non-steady flow component becomes the dominant influence which can 
impede the attainment of the transport capacity rate, especially 
when bedforms are present on the bed. This is shown in the diagram 
by the transport quantity under the segment (jEj = 13 units) which 
is below the potential transport capacity of 15 units per time per-
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iod At~ for segment II. The reason stems from the transport rate 
magnitude difference which was present with segment I and so on for 
all preceding wave segments, provided the changes· in flow transport 
capacity exceed the ability of the bed to respond to the changing 
flow conditions. However, the absolute quantity of particles passed 
on to segment III (IFI = 11 units} will still be greater than the 
quantity passed on to segment II during the previous time interval 
Cini~= 9 units). The mechanism, where the number of particles pas-
sed on by the segment is greater than the number received at the 
same section x, as a result of the net erosion quantity, leads to 
degradation of the bed on the rising limb, symbolised mathematically 
by the sediment continuity equation (3.3). Aggradation on the fall-
ing limb of the wave will follow from the reverse of the above mech-
anism, provided the section is downstream of the advancing general 
scour hole profile, while upstream in the general scour hole, degrad-
ation will continue because of non-equilibrium effects. 
3.3 EXPERIMENTAL MODEL OF ALLUVIAL SYSTEM 
3.3.l Introduction 
The interactions between the various components of an alluvial 
system were conceptualised in the previous section, (3.2), to gain 
a clearer understanding of the sediment processes which occur for 
various flow and sediment boundary conditions. To quantify the spa-
tial and temporal response of the alluvial bed under non-equilibrium 
conditions and test the validity of the conceptual models, an experi-
mental programme was undertaken. This also enabled the more signif-
icant assumptions of the mathematical models to be tested experiment-
ally. Separation of the non-steady flow and the non-equilibrium 
transport conponents of the system was achieved using the comparison 
procedures outlined below. 
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3.3.2 Comparison Procedure for Equilibrium and Non-Equilibrium 
Transport Rates (Steady Flow) 
An equilibrium transport·formula of the form, 
- b = a u .•• (3.7) 
where u is the mean flow velocity= q/ is widely used as the 
y 
fourth equation to complete the mathematical formulation of a general 
alluvial system, discussed in section 2.3.3. The assumption, that 
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an equilibrium transport formula is also applicable under steady flow 
non-equilibrium conditions, can be tested experimentally. The experi-
mental comparison model below has been devised to compare transport 
rates in the system under the influence of the two different sediment 
input boundary conditions, given the same mean flow velocity at a 
particular cross section. 
Equilibrium transport conditions were deemed to exist wheq 
rates of sediment inflow to the test reach matched the outflow rate 
and consequently the mean bed level, z, and bed slope remained con-
e 
stant. The mechanics.of the procedure to derive comparable trans-
port rates from experimental data are shown in Figure 3.9. From 
a series of equilibrium transport experiments with different steady 
flow rates, a power relationship can be obtained between the equili-
brium transport rate, g , and the mean flow velocity, u, for the 
se e 
higher flow rates of the form, {Figure 3.9 (d)}, 
. • . ( 3. 8) 
At two successive times t 1 and t 2 during a steady flow (q) non-
ST 
equilibrium experiment, the relevant system variables, h (= water 
stage) and zST(= bed elevation), have known specific values at the 
end of each'small segment (fix) e.g. the segment centred at x = x1 
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FIGURE 3.9: Comparison procedure for transport rates under 
equilibrium and non-equilibrium conditions 
ST 
velocity u along the scour -hole section can be otained from the 
equation 
ST 
u = q .•. (3.9) 
This is shown in Figure 3.9(g}. The calculation of the mean bedload 
transport rate at the end of each segment ~x is achieved by using 
the finite difference form of the continuity equation (3.6) applied 
to successive scour hole profiles measured at t 1 and t 2 • The mean 
d . h . _ST transpor.t rate erived at t e end of the example segment is g . 
sl 
The comparable steady equilibrium transport rate, g , is obtained 
se1 
-ST by entering the value u1 on the equilibrium transport graph, Figure 
3.9(d}. 1 . . . (_ST} f A pot of actual non-equilibrium transport rates g or 
s 
each section as well as comparable equilibrium transport rates, 
(g }, can be derived by considering the system at several yalues se 
of t 1 and t 2 , so that.·any differences between gST and g can be, s se 
determined. 
3.3.3 Comparison of Transport Rates for Continuous Steady 
Flows and Step Changes in Flow (Non-Equilibrium} 
The object of the comparison procedure is to compare transport 
rates obtained from steady flow experiments with transport rates from 
experiments in which the flow rate was changed suddenly from a crit-
ical base flow (q} to a higher steady flow (q }. The mechanics 
C 0 
of the procedure to derive a comparable steady flow non-equilibrium 
transport rate are shown in Figure 3.10, which is similar to the 
process used by Griffiths and Sutherland (1977). This procedure will 
effectively separate the bed response due to the non-steady flow 
component from the non-equilibrium transport component because the 
non-equilibrium state is common to both sets of experiments. 
' SC' I t d t h' h th d t ' A time t 1 is se ec e, a w ic e measure sys em vari-
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FIGURE 3.10 Comparison procedure for transport rates for steady 
flows and step changes in discharge (non-equilibrium) 
step change in discharge (liq), Figure 3.lO(d), (e) and (f). The 
variables hand z are the mean stage level and bed level respectively 
-of measured values taken over the whole test reach, and gs is mea-
sured at the downstream end. -SC Corresponding to the mean stage h , 
the steady flow rating curve will yield a steady discharge q1 , 
Figure 3.lO(a). Under steady flow conditions, the discharge q1 
requires a time t~ to reduce the mean bed level zs to the same value 
zsc existing at t~c, Figure 3.10 (b). s Values of t 1 and q1 define 
. ~s 
a comparable steady flow non-equilibrium transport rate gs, which 
1 
b ' h h -SC ' 1 can e compared wit t e measured rate gs for a step change in f ow 
1 
rate experiment, Figure 3.lO(c). This can be repeated for several 
SC 
values of t 1 to build up a comparable bedload curve which will 
permit an assessment of the magnitude differences and the temporal 
lag which occur during the initial bedload transient phase./ Com-
parable conditions can now be defined as occurring when the system 
variables, with the exception of g, approximately correspond. 
s 
3.3.4 Comparison of Transport Rates for Steady Flows and 
Non-Steady Translation Waves (Non-Equilibrium) 
The principal object of this experimental comparison model 
is to compare non-equilibrium transport rates under steady flow con-
ditions with those of a translation wave passing over the same test 
reach. This procedure will effectively separate the bed response 
due to the non-steady translation wave component from the non-
equilibrium component. 
The comparison of transport rates at any stage of the trans-
lation wave with transport rates under comparable steady flow con-
ditions is equivalent to the assumption made sometimes to simplify 
the solution technique for non-steady flow mathematical models 
(section 2.4.3). That is, the translation wave can be treated as 
a finite succession or steady flow discharges which reproduce the 
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wave hydrograph as closely as possible. The validity of this assump-
tion can be challenged if significant differences in comparable trans-
port rates result from the comparison procedure. 
These differences in experimental bedload transport rates 
under compared steady and non-steady flow conditions, if they occur, 
will be a function of some or all of the following factors : 
(1) The additional slope terms of the dynamic equation 
of motion associated with the translation wave 
motion 
(2) A change in the friction slope, Sf, where 
f u2 
8gy 
arising from a different friction factor (f) 
of the bed configuration 
.•. (3.10) 
(3) A difference between the response of the bed 
to non-steady flows and the response to steady 
flows, under non-equilibrium conditions. 
In regard to the fluid motion, the degree of approximation 
inherent in the comparison model, can be obtained from an estimate 
of the additional slope terms. Consider the momentum equation for 








<lx + ... (3.11) 
where S = the bed slope. For steady uniform flow, the L.H.S. of 
0 
equation 3.11 is zero, therefore 
= rnlul 8gy ..• (3.12) 
If the translation wave and steady flow experimental series are 
run for the same initial bed slope, S = 2 x 10-3 chosen in section 
0 
4.4, then the differences arising from the other slope terms in 




g ax = 
The contribution of these terms is an order of magnitude less than 
the bed slope. Therefore any differences resulting from the compar-
ison process will largely be due to the bed response effects and 
changes.in friction slope which are necessarily linked together. 
Two series of non-equilibrium experiments will be considered 
with no upstream sediment input for all time. The first series con-
sists of several runs with various constant water discharges ranging 
between the critical base flow (qc) and the maximum peak flow (4max) 
chosen for some of the translation waves. Triangular translation 
waves, released over the same test reach with different peak flo~s 
and periods, form the second series. The mechanics of the procedure 
to derive comparable steady flow transport rates are shown in Figure 
3.11. Again z and hare mean values of measurements taken through-
out the reach and g is measured at the end of the reach. s 
·A steady flow discharge used for one of the steady flow runs, 
s q1 ,is selected initially. The measured steady flow system variables 
z8 and g! are known in the temporal domain for the particular run 
where q = q1, Figure 3.11 (b) and (c). 
F.or compatibility between steady flow and translation wave 
experiments, the first requirement is matching mean stage values 
-s h - NS h 
where fi8 is obtained from the steady flow rating curve knowing qi, 
Figure 3.ll(a). 
-NS 
The equivalent non-steady flow stage h , shown for 





















FIGURE 3.11 Comparison procedure for transport rates for 
steady flows and triangular translation waves 
(non-equilibrium) 
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a time t~8 at which the measured system variables, from the trans-
1 t . . t .:.:NS d ..:NS k , ( ) a ion wave experimen s, z an gs are nown, Figure 3.11 e and 
( f) • 
s Under steady flow conditions, the discharge q1 requires a 
time t~, Figure 3.11 (b), to reduce the mean bedlevel z8 to the 
same value zNS existing at t~8 , being the second matching require-
ment. Using the same mean bedlevel for both sets of non-equilibrium 
experiments, will ensure that the general scour hole profiles in 
each case are approximately the same. 
s s 
Values of t 1 and q1 define 
a comparable steady flow non-equilibrium transport rate g8 , Figure 
sl 
3.ll(c), which can be compared with the measured non-steady flow 
t t t _NS t tNS ranspor ra e gs a 1 . Comparable conditions can now be defined 
1 
as occurring when the system· parameters, with the exception of the 
bedload transport rate, approximately correspond. 
However, the stage-discharge curve for a flood wave normally 
forms a hysteresis loop, so a slightly different (<6%) comparable 
steady flow bedload transport rate will be obtained if the actual 
d . h NS d' d f S wave isc arge q1 was use instea o q1 . An average value of the 
transport rates, resulting from the use of the two flow rates, should 
be taken as the comparable steady flow transport rate. 
Repetition of the above procedure for different constant dis-
charges q~ for both the rising and falling limbs of the translation 
wave allows a comparable steady flow non-equilibrium transport rate 
hydrograph to be derived. This will serve as a comparison with the 
measured transport rate hydrograph for a non-steady translation wave. 




LABORATORY EXPERIMENTS DESIGN AND APPARATUS 
4.1 SYNOPSIS 
This chapter describe,s the scaling and the design of an ex-
perimental programme in accordance with the aims presented. The 
equipment employed during the experiments is described in the latter 
half of the chapter. 
4.2 INTRODUCTION AND AIMS 
A series of laboratory experiments, designed to investigate 
various fundamental aspects of transient sediment transport processes, 
was conducted in the Fluid Mechanics Laboratory, University of 
Canterbury, during the period 1978-79. The initiation of particle 
mobion and equilibrium transport experiments were also included in 
the experimental programme for the reasons given in section 1.2. 
The aims of the experimental programme, which stem from the 
implications of the literature review (section 2.7), areas follows: 
(1) To further extend the quantitative assessment 
of initial motion conditions on the bed, 
(2) To provide quantitative experimental data for 
simple non-equilibrium conditions with both 
steady and non-steady flows, thus providing 
useful background data in the important field 
of transient sediment transport. 
(3) To provide a comparison, using the experimental 
data, between transport rates in equilibrium 
and non-equilibrium steady'flow conditions 
and between transport rates in steady flow and 
non-steady flow non-equilibrium conditions. 
(4) To test the predictive powers of current 
mathematical models which use equilibrium 
transport formulae for transient bedload 
conditions. 
(5) To examine the effect of non-steady flows 
on bedform developnent and its effect on 
resistance to flow and stage-discharge 
curves, 
(6) To test the hypothesis of Griffiths (1976), 
that the difference between actual non-steady 
flow non-equilibrium transport rates and 
comparable steady flow transport rates will 
diminish as the bedload sampling point is 
moved further downstream within the general 
scour hole. 
To achieve these aims, an experimental programme was designed 
as outlined below. 
4.3 EXPERIMENTAL MODEL SCALING AND DESIGN 
4.3.1 Model Scaling 
For many of the rivers in New Zealand, the bed slope is steep 
and the bed, composed of coarse gravel, is wide. In these rivers, 
significant bedload transport generally occurs only in times of flood; 
Griffiths (1979), Pemberton (1979). Consequently the experimental 
model was chosen to simulate typical flow and bedload transport char-
acteristics covering and extending the upper range of flood events 
observed in the field. 
To achieve simulation of a typical river in an experimental 
model, the relevant scaling relationships must be satisfied. For 
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two phase phenomena where the flow phase is non-steady, Yalin (1971) 
derives 5 dimensionless variables which, although not unique, com-
pletely determine the alluvial system. The dimensionless variables 
are 
u* D 
Xl = Re* = b 
\) Grain Reynolds Number 
2 
u* 












= = -s p Grain Specific Gravity 
u* T 
b 
xs = St = ---y Strouhal Number 
where u* is the bed shear velocity, D the mean grain size, v , p 
b 
the kinematic viscosity and density of water, p is the density of 
s 
the sediment grains, and T is the translation wave period. The grain 
Reynolds number is unimportant as flow conditions in the model and 
prototype will be in. the rough turbulent zone (Re >70). 
* 
The prototype.fluid and sediment were used in the experimental 
model and so S was the same for both. Therefore the dynamic simi-
s 
larity laws are 
A = A = A = 1 ... (4. 2) 
x2 x3 xs 
where x' model A = 
X x" prototype 
This reduces to the following scale relationships for the system 
variables: 
Ay =AD= Al= undistorted length scale 
66 
... (4.3) 
By using a model grain size, 050 = 2mrn~ and assuming a typical -proto-
type size, 050 = 30 mm, a length scale of 1/15 is implied. Therefore 
"o = >. = y 1 15 
This is greater than the minimum scale criterion of Yalin (1971) 
> 
1 which for a typical New Zealand river is >.1 >·=. 30 







The most important mode~ling aspect is that the rates of rise for 
floods should be correctly modelled. A very fast rising river may 
rise at 0,5 m/hr, which scales to 0.13 m/hr. using the above velocity 
scale. This rate was used as a guide for selecting the eight tri-
angular translation waves of varying steepness and period. As bed-
load transport effects, due to non-steady flows, are more pronounced 
.under severe conditions, rise rates ranging from 0.08 m/hr. to 0.77 
m/hr. were selected for the model. 
4.3.2 Design of Experiments 
Methods of conducting movable bed experiments in flumes have 
been well established, using either a closed-circuit system (where 
the sediment is re-circulated) or an open-circuit system (where the 
gravel is added at the upstream end of the erodible reach). Most 
experimental runs were planned with non-equilibrium transport con-
ditions (i.e. zero upstream sediment input). Therefore it was con-
venient to operate the flume in an open-circuit fashion. 
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The parameters of flume slope (S ), inlet discharge per unit 
0 
width (q) and the flume width (B) were chosen as independent vari-
ables. This leaves the water depth (y), velocity (u), transport 
rate (g) and friction factor (f) as the dependent variables. This 
s 
choice of independent variables defines a system which may be multi-
valued over some ranges, {Kennedy and Brooks (1963}. However, as 
the Froude Number range was small, (Fr·=. 0.55 - 0.6), the friction 
factor and transport rate relationships with steady discharges will 
be single-valued. By carefully choosing the magnitudes and ranges 
of the independent variables B, S and q ~q ~ q , the constraints 
o c illax 
imposed by the capacity of the bedload discharge measuring device 
were overcome. 
4.4 EXPERIMENTAL PROGRAMME 
The experiment~! programme involved the execution of 170 dif-
ferent runs in the large flume. The conditions and constant para-
meters for each series are summarised below: 
(1) Constant Parameters - 30 m long flume, B = 0.305 m wide, 
flume slope (S0 ) = 0.0020 (unless otherwise specified) and n50 = 
2.11 mm. 
(2) Steady Flow Experiments 
(a) Series IM 
most of these runs) 
(b) Series SE 
port 
(c) Series ST 
transport 
Initial motion studies (S = 0.0030 for 
0 
Constant discharge, equilibrium trans-
Constant discharge, non-equilibrium 
(3) Non-Steady Flow, Non-Equilibrium Transport Experiments 
(a) Series NS Symmetrical and skew triangular trans-
lation waves 
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(b) Series SC 
from threshold conditions. 
· step change in constant discharge 
Details of the experimental programme and the procedures in-
volved are given in the next chapter. 
4.5 LABORATORY APPARATUS 
4.5.1 30 m Tilting Flume 
The primary laboratory component was a 30 m long tilting flume, 
(Plate 4.1), which has been described in detail by Hill (1967). The 
flume consists of adjustable side wall elements which sit on a flat 
steel plate deck, 28.5 m in length and has a working section of 
23 m. The side wall elements were constructed of steel plate with 
the exception of a 10.5 m section of 19 mm thick plate glass located 
in the mid section of one sidewall. Stilling basins were incorpor-
ated at each end of the. flume. Changes in slope were achieved by 
the use of screw jacks at the midpoint and upper end supports of the 
flume, the downstream support being freely hinged. The selected 
slope was set using two pointers sliding over fixed background scales. 
Rails attached to each edge of the steel deck allow free movement 
of a carriage over the length of the working section. 
A 305 mm wide channel was constructed within the 610 mm wide 
flume using one existing flume wall and a new wall of 6 mm thick pers-
pex, shown in Figure 4.1. To prevent buckling of the perspex wall 
due to hydrostatic pressures and thermal gradients, the redundant 
channel (Figure 4.1), was sealed off at both ends and filled with 
water from the mains up to the main channel stage level. The hori-
zontal water surface in the sealed reservoir was utilised to check 
the flume slope with a point gauge mounted on the carriage. 
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The longitudinal section was designed as three different sec-
tions to prevent non-uniformities in the flow field of the test section. 
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FIGURE 4.1 Flume cross section 
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A schematic flume longitudinal section is shown in Figure 4.2. The 
essential components of these sections are as follows: 
(1) Upstream Section 
(a) Reception area for the piped laboratory water 
supply . 
(b) Contracting stilling basin containing flow 
straightening devices. 
(c) Concrete ramp leading onto a length of fixed 
rough bed . Th~ roughness elements and mini-
mum length were selected to ensure the turb-
ulent boundary layer was fully developed 
before reaching the test section (see App-
endix A) . 
(d) Sediment dispensing hopper near the beginning 
of the· erodible section. 
(2) Test Reach 
A length of movable bed composed of uniform fine 
gravel particles to a depth of 180 mm. Two part-
ition boards were inserted to separate the test 
section from the two fixed sections. 
(3) Downstream Section 
(Figure 4.2) 
(a) Bedload trap used to measure the sediment 
transport rate at the end of the erodible bed. 
(b) Another length of rough fixed bed sufficient 
to accommodate any backwater effects induced 
by the downstream control. 
(c) Water level control weir at the outflow point 
of the channel. 
(d) Stilling basin from which water drains back 
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4.5.2 Water Supply and Control 
Water was supplied from a constant head tower and introduced 
to the upstream head tank of the flume through two valve-controlled 
pipes of different diameter. The smaller diameter pipe (76 mm) pro-
vided a baseflow to establish critical conditions on the bed, while 
the larger diameter pipe (152 mm) provided the balance of flow re-
quired for steady and non-steady runs. The maximum flow obtainable 
from both pipes together was 0.15 m3/s. 
Prescribed non-steady flow hydrographs were generated manually 
by opening and closing the larger valve in small steps at predeter-
mined times . The valve settings were derived from a steady flow 
calibration curve plotted from 60 flow measurements for clockwise 
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and anticlockwise valve movement. The position of the valve was read 
from a fixed circular scale, divided into 144 divisions (2.5° of arc), 
with the aid of a pointer attached to the valve wheel. In practice 
the valve was nearly continuously moved, the time step between changes 
lying in the range 0.4 to 0.8 per cent of the wave period. The cal-
ibration curve was checked during each steady flow series. 
A series of perforated screens (Figure 4.2) was inserted in 
the upstream contracting section to dampen disturbances and provide 
an even flow distribution across the flume. A float board (520 mm x 
290 nun x 20 mm) was situated at the entrance to the 305 mm wide chan-
nel to remove wave disturbances on the water surface. _ A flow align-
ment device was also placed at the beginning of the fixed rough bed. 
It consisted of three (800 mm x 800 mm x 3 mm) mild steel plates 
at 75 mm spacing, bolted to dexion angle strips cemented in the fixed 
bed. This device proved necessary as without it secondary flow cur-
rents caused a ridge to develop along the centre line of the scour 
hole. Plate 4.2 shows the various flow smoothing devices. 




PLATE 4 . 2 Flow smoothing devices 
PLATE 4.3 Outlet submerged weir 
provided to control the outlet backwater curve (Figure 4.2). This 
was a knife- edged blade (304 mm x 180 mm x 20 mm) made from marine 
plywood, (Plate 4.3). A controlling screw mounting and the support 
rod guides were welded to a horizontal strut clamped on top of the 
flume walls. The weir height was read from a fixed scale marked by 
a pointer attached to a support rod. During non - steady runs with 
triangular waves, the weir was raised and lowered in small steps in 
delayed synchronisation with the opening and closing of the inlet 
flow valve . The delay or time lag was the time for the translation 
wave to reach the end of the test section. In a similar manner to 
the valve calibration, the weir settings were obtained by interpol-
ation of the steady flow values. The height change for each adjust-
ment step during a wave was 0.8 mm. 
The water was returned to an underground sump through a cali-
brated pit which was used to measure steady discharge rates. 
4.5.3 Sediment Injection 
For sedimentation experiments in open- circuit flumes, gravel 
must sometimes be added to the flow. A vibrating hopper (Plate 4.4) 
was designed and constructed t o feed air-dried gravel at various con-
stant infeed rates. The hopper was suspended from the overhead lab-
oratory crane just upstream of the movable bed. It was assembled 
in two sections made from galvanised steel plate; the main body was 
rectangular in section with vertical sides while the lower section 
was a truncated pyramid shape containing a slot in the base. The 
working components of the hopper were: 
(1) A sliding gate with an attached scale providing 
a variable width aperture . 
(2) Constant speed, three phase Sinex electric vib-
rator affixed to one of the sloping sides, which 
was suitably strengthened. 
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Problems were encountered with occasional clogging at the out-
let. The performance was greatly improved by a steel rod inside the 
hopper attached to the vibrator anchorage plate and extending to 
the outlet region. Extensive calibration tests were conducted. 
The relationship between outflow mass rate (gm/s) and the aperture 
opening was linear for the low rates, departing slightly from this 
trend for the higher rates. An error spread about the mean flow rate 
was ±4%. The outflow mass rate was independent of the gravel head 
in the hopper until it was half empty, so the hopper was topped up 
at various stages of a run . The slowest infeed rates (below 2 gm/s) 
required the use of a small calibrated glass measuring cylinder from 
which a specified mass of gravel was manually dropped into the flow 
every 15 to 30 seconds. 
4.5.4 Bedload Discharge Measurement Device 
Two different devices were used during the experimental pro-
gramme to measure the bedload transport rate, but they shared the 
same measurement system and electronic circuitry. The original de-
vice, which was fixed in position at the end of the erodible reach, 
was designed and used by Griffi t hs (1976). Another device was sub-
sequently designed to follow the level of the gravel bed during de-
gradation. 
(1) Fixed Bedload Collector 
The bedload recorder was capable of measuring the accumulated 
weight of submerged gravel continuously. A rectangular steel tank 
(845 mm x 250 mm x 490 mm) was bolted to the underside of the flume 
to cover a hole cut in the channel floor. A wire mesh basket was 
suspended in this box, (Plate 4.5), from a load cell by a thin high 
tensile rod to minimise the flow disturbance . Above the floor open-
ing a steel frame was placed consisting of a grill of transverse 
steel plates spaced 65 mm apart. This frame was mounted on legs to 
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PLATE 4.4 Sediment vibrating hopper 
PLATE 4.5 Bedload collector mesh basket 
bring it to the initial level of the gravel bed; its function being 
to provide continuity of roughness and to develop vortices between 
the grill plates to assist the entrainment of sediment particles. 
A galvanised sheet was placed over the upstream half of the frame 
to direct the bedload into the central portion of the mesh basket 
to maintain it in an evenly balanced position. As the bulk of the 
bedload was entrained within one grid spacing, the length of galvan-
ised steel was critical, being determined by trial and error. The 
load cell was mounted on the base plate of a small rectangular steel 
frame which was suspended by a threaded rod from a gantry, the legs 
of which were bolted to the flume deck either side of the main flume 
walls. 
At the completion of each run, the basket was lowered to the 
floor of the trap, uncoupled from the load cell and the galvanised 
sheet and grill removed . The overhead laboratory crane was used to 
lift the basket, which after emptying was replaced and the collector 
unit reassembled in reverse order. 
(2) Adjustable Bedload Collector (Plate 4 . 6) 
Another bedload collector unit was constructed to facilitate 
the lowering of one or both ends of the grill in order to f ollow the 
degrading bed level during non-equilibrium experiments. The same 
grill pattern of transverse steel plates, spaced 60 mm apart, was 
incorporated in a hinged cradle frame, (Plate 4.7). The frame was 
suspended by threaded rods at each end from a rectangular hollow 
section beam perpendicular to the basket support gantry. By rotat-
ing a support rod, the frame could be raised or lowered at that end, 
with reference to a scale attached to the beam. At the upstream 
boundary, between the erodible bed and the bedload collector a joint 
was needed to provide flexibility in the vertical direction but also 
to prevent loss of gravel from the test reach underneath the grill 
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PLATE 4. 6 Adjustable bed l oad collector unit 
PLATE 4 . 7 Hinged cradle frame 
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frame. This flexible joint was provided by a 2 mm thick inser t rubber 
sheet (306 mm x 125 mm) connected between the frame and a 110 mm high 
partition board at the downstream end of the test reach. The down-
stream end of the bedload collector unit was also made adjustable 
to streamline the bed profile in the vicinity of the collector and 
thereby prevent steep adverse slopes for the bedload collector grill 
when significant bed degradation occurred {see Figure 5 . 4) . This 
was achieved by removing an initial 0 . 8 m length of the fixed rough 
bed, and inserting a length of marine plywood, hinged at bo t h ends, 
into the gap. This board was coated with a bitumen- based paint and 
while wet, covered with a layer of gravel particles to provide com-
mensurate roughness, {Plate 4.6). 
(3) Load Cell and Circuitry {for both bedload collectors) 
The entire weight of the sediment laden mesh basket ·was sup-
ported by a thin- walled aluminium load cell on which four strain' 
gauges were arranged, {Plate 4.8). The electronic apparatus, shown 
in Plate 4.9, amplified the output from the strain gauge bridge which 
was then displayed on a digital voltmeter and recorded by a Datel 
thermal printer at intervals of either 30 or 10 seconds. The elec-
tronic apparatus was allowed to warm up for 15 minutes prior to each 
run to prevent drift in the output voltage values. Before the com-
mencement of the experiment the lOOOX amplifier was shorted across 
its input terminals and adjusted to give an output of zero volts. 
To calibrate the weighing system, pre- weighed samples of air 
dried gravel were added to the immersed basket and the resultant out-
put voltage recorded. The relationship between a change _in accumu-
lated dry weight and a change in output voltage was found to be con-
stant within the limits of accuracy of the device. This constant 
was checked several times during the experimental programme. 
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PLATE 4 . 8 Aluminium load cell and support frame 
PLATE 4 . 9 Electronic apparatus for bedload collecto r 
4.5.5 Stage and Bed Level Measuring Devices 
The devices used for the determination of stage and erodible 
bed levels were mounted on a four-wheeled carriage at a position cor-
responding to the centreline of the channel, (Plate 4.10) . The ele-
vation of the water surface, relative to the carriage rails, was mea-
sured by a point gauge during steady flow runs, to the nearest 0.1 mm 
using a vernier scale. To measure the stage level continuously dur-
ing non-steady flow runs, two water level recorders were used at var-
ious fixed stations, (p and q). A profile of the bed surface could 
be obtained from an ultrasonic bed level recorder. 
(1) Water Level Recorders 
Resistance water level probes were used in conjunction with 
a Hewlett-Packard two channel pen recorder to measure the water level 
as a function of time at a specific location. The probe consists 
of two 3.18 mm stainless steel rods 450 mm long, at 26 mm spacing, 
which were anchored in perspex blocks, (see Plate 4.6). The lower 
perspex block of each probe was given a streamline shape to minimise 
the disturbance of the flow and the bed. The imbalance in a bridge 
circuit, caused by a change in resistance, from the balanced position 
(set for the base flow) was recorded as an output voltage on the 
chart recorder. 
The output was non-linear so calibration curves were establish-
ed between chart record displacement and the corresponding point 
gauge reading. There was a tendency for the calibration to shift 
slightly for different runs, therefore the calibration was checked 
at various times during each non-steady flow experiment by point 
gauge readings. 
(2) Ultrasonic Depth Meter (Plate 4.11) 
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The ultrasonic depth meter was obtained on loan from the Central 
Laboratories, Ministry of Works and Development. Full details of 
PLATE 4.10 
PLATE 4.11 
Carriage with mounted ultrasonic probe and 
point gauge 
Ultrasonic depth meter and timer/counter 
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design and performance have been described in Spinks and Keller (1976). 
The circuit of the main unit comprised an ultrasonic trans-
mitter, an ultrasonic receiver and a gate circuit to separate the 
transmitted pulses from the received pulses and transmit them in the 
correct sequence to an electronic timer/counter, (Plate 4.11). The 
source of the ultrasonic beam is a 2 MHz piezo- electric crystal probe 
(20 mm diameter), of a type commonly used for non-destructive metal 
testing, and was connected to the main unit by a 50 m stereo cable. 
The probe was mounted on the end of a 20 mm diameter tube, 
440 mm long and sealed with silicone rubber to prevent entry of water. 
The tube was clamped onto another point gauge on the carriage, (Plate 
4.10), and could thus be lowered or raised with water level. With 
the emitting surface of the probe below the water level, the time 
taken for a pulse to travel to the bed and back is equal to .twice 
the water depth between the probe and the bed, divided by the cele-
rity of sound waves ih water. The time is measured with the timer/ 
counter and displayed in micro-seconds. The only available timer/ 
counter unit had no output facilities other than a digital display, 
therefore readings at different stations were recorded manually. 
Location of each station was determined with the aid of a pointer 
attached to the probe mounting and distances marked on the top of 
the perspex channel wall. 
Calibration of the bed level meter was carried out in a large 
perspex tank, and the results plotted on a graph of depth, from the 
probe to the tank floor, versus pulse travel time. This resulted 
in a linear relationship, which was expected since the slope is the 
constant velocity magnitude of sound in water, provided the temper-
ature range is not large e.g. Spinks and Keller (1976) found an error 
range of ~2% for a temperature range of ±12°c, which is well outside 
the range of ±3°c achieved in the present study. The depth resolution 
from the calibration tests was found to be ±0.73 mm which coincides 
with the wavelength of a pulse triggered at a frequency of 2 MHz 
at the average temperature of 1s0c. 
4.5.6 Ultra-Violet Light Source 
A device which generated an ultra- violet light beam from a 
portable shielded hand- lamp was used to trace the movement of single 
gravel particles coated with a fine layer of fluorescent paint. 
Observational experiments using the ultra - violet light were conducted 
to count tagged moving particles and also to trace the remaining 
particles within the bed after the completion of the experiemnt. 
4.6 BED MATERIAL 
The bed material used was derived from a deposit of Rangitata 
River sand obtained by British Pavements Canterbury Limited, with 
an initial 050 = 1.77_ mm and a9 = 1.56. It was sieved twice between 
mesh screens of 3.35 mm and 1.70 mm spacing. The resultant bed mat-
erial was a fine gravel with a mean size of 2.11 mm with sub-rounded 
to rounded grains. The grain size distribution curve (Figure 4.3) 
was derived from the sieve analysis results performed for two random 
samples of approximately 1 kg. Relevant properties of t he fine gra-
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LABORATORY EXPERIMENTS PROCEDURE AND ANALYSIS 
5.1 SYNOPSIS 
This chapter describes typical experimental procedures for 
each series of experiments performed and the measurements that were 
recorded. The final section explains the methods of data analysis 
which were employed . 
5.2 IDENTIFICATION CODE FOR EXPERIMENTS 
The identification code for each particular run is a six letter-
figure combination, the first two being letters identifying the par-
ticular series to which the experiment belonged. The next two fig-
ures indicate the wave or run number in that particular series, 
while the last two figures refer to the length of erodible bed in 
the test section e.g. NS0617 specifies a non- steady triangular wave 
No . 6 (Figure 5.2), for a reach length of 1.74 metres. A summary 
o f the identi fication code components is given 
SERIES CODE 
Initial Motion IM 
Steady~ Equilibrium SE 
Steady~ Non- Equil-
ibrium 
Non- Steady~ Tri -
angular Wave 
Step Change i n 
Discharge 






WAVE OR RUN NO. 
01, 02, 03, ... , 10 
(except skew-
triangular 
waves in series 
NS where 28 is 
used for a com-
bination of 
wave No. 2 & 
No. 8) 




1. 74 m 
3 . 53 m 
5. 29 m 
9 . 29 m 








Measurements were made during the course of each experiment, 
either automatically at small time intervals, or manually sampled 
over greater time periods, using the following methods. 
5 . 3 . 1 Water Discharge 
The calibrated pit (Section 4 . 5.2) was used to measure the 
steady flow rate twice during each run of series IM, SE, ST and SC. 
Possible errors in this collection method a re ±0.5 %. The s t e ady 
flows measured in this way were used to check the calibration of the 
lar ger valve (152 mm) fo r oper ation during the NS and LC series . 
5.3.2 Water and Bed Surface Elevations 
Water surface elevations, with respect to the flume slope, 
for steady flow rates were measured by point gauge at several s~at-
ions along the test reach (Figure 5.1) . The water surface profile 
was obtained at least four times during a r un. The water level for 
ser ies NS was continuously monitor ed by the two water l evel r ecorder s 
(Section 4.5.5 (1)) situated near the ends of the test reach (Figure 
5 .1). The outputs from the two gauges were traced on a chart record 
moving at 1 mm/sec, the time record being marked by a separate pen 
every second. The water surface elevation could be obtained as a 
corresponding point gauge reading from the calibration curves for 
the two probes. 
The bed profile was measured indirectly with the ultrasonic 
probe (Section 4 . 5.5 (2)), for all series of experiments, by record-
ing the pulse travel time when the probe was positioned at specified 
stations along the test section (Figure 5.1). Using the calibration 
curve the depth from the base of the probe to the bed surface could 
be determined to the nearest ±0.7 mm. 
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FIGURE 5.1: Measurement stations for different reach lengths 
91 
below the level of the upstream partition board between the fixed 
and erodible sections. The top level of this partition board was 
measured by both the point gauge and ultrasonic depth meter to tie 
the water and bed levels to this common datum. 
5.3.3 Bedload Transport Rate 
The bedload transport rate was measured indirectly by the 
bedload collector (section 4.5.4) throughout the duration of all 
runs with the exception of the IM series. Instantaneous sediment 
transport rates were obtained by computation from the slope of the 
cumulative weight versus time plots, using the calibration coefficient 
to convert a voltage difference to a change in dry weight of gravel. 
When the sediment hopper was used for the SE and ST series, 
the mass flow rate calibration curve for the hopper was checked prior 
to each run, in the vicinity of the estimated transport rate for that 
run. 
5.3.4 Water Temperature 
The temperature of the water was measured at the beginning 
and end of each run. The maximum variation during a run was 2°c while 
the temperature range for the whole experimental programme was 14 -
19°c. Variations were small because the water circulated throughout 
the whole laboratory system and was changed every week. 
5.3.5 Bed Configuration 
The bedform configurations were measured at convenient times 
using the following methods 
(1) Bedform Height 
A difference in depth from the crest to the trough 
using either the point gauge or the ultrasonic 
probe. 
(2) Bedform Wavelength 
The horizontal distance between bedform crests 
on a fixed scale attached to the flume wall, 
or by direct measurement with a tape. 
(3) Celerity 
Calculated from the time required for a bedform 
to travel a certain distance marked by grid lines 
on the glass sidewall. 
5.4 EXPERIMENTAL PROCEDURES ~ CONTROL REACH LENGTH (xR= a . 29 m) 
The procedure is outlined for a typical run in each series 
of experiments for the control test reach, xR = 9.29m 
5.4.1 Initial Motion Studies (IM-- 93 Series) 
This series of ru~s was performed to determine baseflows for 
which conditions on the bed were close to critical . 
Conditions of movement were defined by the number of grains 
displaced downstream of a marked area of erodible bed in a certain 
time interval. Yalin (1977) suggests that for geometrical similarity 
between sets of experiments using different mean grain sizes (D50), 
the area for observation of particle detachments should be proportion-
2 
al to 050 Griffiths (1976) performed similar experiments in the 
same flume using a test area 610 mm x 305 mm, a sediment size of 
4.02 mm and bed slope 0.0023. Hence the length of the test area for 
the present experiments was computed to be 168 mm from the ratio of 
the two different sediment sizes squared, keeping the width constant. 
This area was positioned at 5.8 m from the upstream concrete apron. 
The bed was levelled throughout the reach length with a scra-
per attached to the movable carriage prior to each run. The bed was 
then brushed lightly, with particular attention being given to the 
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test area. Immediately upstream of this test area, a sheet metal 
plate 500 mm long coated with a layer of glued bed sediment particles, 
was placed in the bed flush with the graded bed surface. This plate 
prevented particles from moving into the test area, so that only de-
tachments from the required area would be counted. The flume was 
filled slowly with a hose,after the erodible section was sprayed 
lightly with water to prevent the uplift of dry sediment grains due 
to surface tension effects. The smaller upstream valve was opened 
slowly to the designated flow rate and the downstream weir lowered so 
a uniform flow depth was obtained in the reach length. The time for 
80 particles to detach from the test area was measured for each run. 
Nine runs were completed with a bedslope of 0.0030 for various dis-
charges and two runs with a bedslope of 0.0020. 
5.4.2 Steady Flow~ Equilibrium Transport (SE--93 Series ) 
To achieve equi~ibrium conditions on the bed in an open cir-
cuit flume system, the sediment transport rate output from the ero-
dible reach must be close to the sediment input rate from the vibra-
ting hopper. 
The sediment bed was graded parallel to the flume slope and 
sprayed with water to dampen the surface. The flume was slowly filled 
by a hose with the downstream weir elevated, while the smaller valve 
was opened to set the base flow. To begin each run, the required flow 
rate was quicKly set on the larger valve and the downstream weir low-
ered to obtain the correct uniform flow depth. The sediment hopper 
was started when continuous bedload movement occurred. At the same 
time the starting point was marked on the chart output of the bed-
load collection device at the downstream end of the erodible reach. 
The sediment mass input rate from the hopper was adjusted continually, 
to match the sediment output measured as a bedload transport rate. 
With the onset of equilibrium conditions, the hopper sediment mass 
93 
flow was held at the required constant value. Periodic measurements 
of the bed level were -made using the ultrasonic probe. The water 
surface level, using the point gauge, the flow rate and the water 
temperature were also measured. 
The criteria used to determine whether equilibrium conditions 
were present after a run duration of between 2 - 2~ hours was: 
(a) initial mean bed elevation equal to the final 
bed elevation, within 2.5 mm; 
(b) input transport rate approximately equal to 
the output transport rate; 
(c) friction slope approximately equal to the bed 
slope which should be constant. 
Often these runs were unsuccessful, as the initial input rate to the 
system must be close to the output rate, otherwise non- equilibrium 
conditions (aggradation or degradation) develop, requiring a long 
period of time to reverse the trend and restore the system to equil -
ibrium. Twelve runs were successfully completed in this series, in 
accordance with the above criteria. Three of the twelve runs had the 
same water discharge and were used to assess the reproducibility of 
the results. 
5.4.3 Steady Flow~ Non-Equilibrium Transport (ST--93 Series) 
Non-equilibrium conditions for this series were created by 
having no sediment input at the upstream boundary of the test reach. 
To obtain a steady flow non-equilibrium system without introducing 
an initial transient phase in the output transport rate, the exper-
iments were performed as steady equilibrium transport runs (Section 
5.4.2) until the equilibrium transport rate was attained. The sedi-
ment mass input was then suddenly halted, the time reset to zero and 
measurements for the ST--93 series begun. The downstream bedload 
transport rate was sampled at 30 second intervals and the bed levels 
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were measured at five minute intervals for the first 15 minutes. 
Thereafter the bedlevels were measured at 15 minute intervals. The 
steady water discharge, water surface elevations and bedforrn config-
urations were measured throughout the run. The initial and final tern-
peratures were also noted. 
The transport rates from these runs were to serve as cornpar-
able rates for bedload transport rates obtained during non- steady 
water flow experiments, therefore the steady discharge values were 
chosen within the range of qc < q ~ '\nax of the chosen triangular 
flood waves (5.4.5), where q = the ciritcal base flow. The duration 
C 
of the runs in this series was two hours, except for the larger flow 
rates, which were terminated when the bedload collector was full. 
Nine runs were completed during this series. 
5.4.4 Step Change in Discharge~ Non- Equilibrium Transport 
(SC- - 93 Series) 
Preparation fo~ this series of runs followed the procedure out-
lined for the ST--93 series, (section 5 . 4 .3 ) . The baseflow, from 
the smaller valve, was established over the bed with the downstream 
weir set at the level corresponding to the desired final steady flow 
(q0 ) and the water depth (y ) obtained f r om the ST series. Hence be-
fore t = 0, the mean velocity was below the threshold value and the 
bed was initially plane for each run in this series. At t = 0, the 
extra flow required from the larger valve was quickly, (within 15 
seconds), superimposed upon the baseflow, with no sediment input at 
the upstream end for all time. The final flow values (q0 ) were set 
as closely as possible to the flow values used in the ST--93 series, 
so that the bed response due to different initial conditions could 
be compared. 
The water and bed levels were recorded at various time inter-
vals and the bedload accumulated weight was recorded at 30 second 
~ 
intervals. The dischargeq0 was measured durin9 the run and the ini-
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tial and final temperatures recorded. Nine runs were completed in 
this series. 
Most of the above experiments were re-run so that more funda-
mental observations, using tagged bed-material particles, could be 
made concerning the response of single grains to step changes in water 
discharge. Air dried grains were sprayed lightly with fluorescent 
paint and allowed to dry. Before each run the particles were soaked 
in water to prevent the attachment of air bubbles when placed in the 
main flow. After soaking for some time, 140 particles were counted 
and placed transver sely across the bed at 0 . 05 m downstream of the 
fixed apron. The flume was filled slowly with the hose, care being 
taken not to disturb the tagged particles. The rest of the starting 
procedure was as outlined above. During the course of the run, the 
bedload collector plate was monitored by the ultra - violet light beam 
(section 4.5.6) to identify the number of fluorescent particles pas-
sing out of the test reach. After the run, the bed was allowed to 
drain and then divided into segments. The number of coloured parti-
cles found on and below the bed surface, with the aid of the ultra-
violet light source, was tabulated for each segment along the reach 
length. A high recovery rate from the bed was obtained using this 
method, typically 95%. 
5.4.5 Triangular Translation Wave~ Non- Equilibrium Transport 
(NS--93 Series) 
To investigate the bed response to fast rising flood waves, 
eight symmetric triangular waves of various wave periods and maximum 
flow rates were chosen. Each of the translation waves was superim-
posed on a base flow of 0.03 m3/s/m, which was chosen, using a dim-
-5 ensionless threshold erosion rate (N) equal to 0.5 x 10 , (Figure 
6.1). The chosen hydrographs are shown in Figure 5.2. 
Prior to the commencement of each wave passage, the erodible 
bed was artificially levelled with the scraper and dampened. While 
97 
the flume was filled slowly with the hose, the water level probes were 
























Base Flow (q, = 0.03 m3/slm) 
2400 3600 4800 6000 7200 
TIME (sec) 
Triangular translation wave hydrogr aphs 
(NS series ) 
· valve was opened slowly until the base flow was reached and the down-
stream weir lowered to give a uniform starting depth at critical con-
ditions . The initial water and bed levels were measured as well as 
the temperature. The signal was then given to the operator of the 
larger valve to commence the predetermined programme of valve settings 
with corresponding time values. Measurements began when the leading 
. ~ 
edge of the flood wave reached the first water level gauge . The down-
stream submerged weir was raised and lowered at a predetermined rate 
derived from the flow rating curve for the steady flow experiments . 
The weir operation commenced when the leading edge of the wave reached 
the second water level gauge. No upstream sediment input was used 
in this series . 
The bed levels were measured at selected time periods during 
the wave passage, with shorter intervals near the wave peak. Water 
level readings from the point gauge were obtained during the wave to 
check the calibration of the water level gauges . The bedload accumu-
lated mass was recorded at 10 second intervals for wave Nos. 1,2,4 
and at 30 second intervals for the remaining waves . At the end of 
each wave passage the final bed and water levels and temperature were 
measured. 
Other variations of non- steady flow hydrographs that were run 
in a manner similar to that outlined above were: 
(a) Skew-Triangular Translation wave, comprising the first half 
of Wave No. 2 and the second half of Wave No. 8 (Figure 5.3 (a)). 
(b) Symmetric Triangular Wave of base period 4 hours (Wave 
No . 10) which was run for only the first 125 minutes (Figure 5.3(a)). 
(c) Linear Change in flow dischar ge be tween two constant dis -
charges of q and q = 0.16 m3/s/m, the f irst hal f of Wave No . 2, 
c inax 
thereafter maintaining the constant peak flow value with time (Figure 
5.3(b)). 
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A separate study of bedform geometric properties (height and 
wavelength) was implemented by re- running four of the symmetrical tri -
angular waves, Nos. 2,4,6,8. In these tests, bed levels were measured 
by the positioning of the ultrasonic probe at successive bedform crests 
and troughs, during a traverse of the erodible reach. The position 
of each measurement was noted from a fixed scale along the top of the 
flume wall with the aid of a pointer attached to the carriage. Bed-
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5.5 EXPERIMENTAL PROCEDURES ~ SHORTER REACH LENGTHS 
To investigate the spatial variation of the bed response to 
steady and non- steady flows under non-equilibrium conditions, five 
different reach lengths of erodible bed were used . The experimental 
programme for the longest reach length of 9.29 m, described in the 
previous section, served as a control series, where the fixed bedload 
collector (section 4.5.4(1)) acted as a downstream control for the 
sediment phase. At the completion of these experiments, the next 
selected reach length of 5.29 m was obtained by lengthening the up-
stream fixed roughened bed in the downstream direction. This was re-
peated for reach lengths of 3.53 m, 1.74 m and 0.74 m. The process 
of moving the fixed bed progressively downstream effectively moves 
the bedload sampling point further into the general scour hole . To 
simulate conditions within the general scour hole, as the test reach 
is reduced, that are similar to the control experiments, the grill 
of the adjustable bedload collector unit (section 4.5 . 4(2)) must be 
lower ed as the bed degr ades t o prevent i nt e r ference with the bedload 
movement. 
The steady flow non- equilibrium (ST series) and the triangular 
flood wave (NS series) experiments were repeated for the four shorter 
reach lengths. The step- change in discharge experiments (SC series) 
were repeated for the 1.74 m reach length. The procedure for each 
of the repeated experiments was the same as for the control experi -
ments, but included the additional task of lowering the upstream end 
of the adjustable bedload collector grill as the bed degraded accord-
ing to predetermined scale settings. The settings were determined 
from bed profiles for the same run obtained during the control exper-
iments by taking the mean degradation with time at the two measured 
stations in the vicinity of x = new reach length e.g. for the steady 
flow run ST0535, the required settings with time were obtained from 
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q 
the mean degradation at the 3.0 m and 4.0 m stations of the ST0593 
profiles. For the greater degradation at the end of the 1.74 m and 
0.74 m reach lengths, the downstream end of the bedload collector 
grill was also lowered for each setting by approximately 25% of the 
upstream end value, so that the surface profile simulates more real-
istically the shape of the local scour hole (Figure 5.4). 
5.6 ANALYSIS PROCEDURE 
5.6.l Computed Variables 
Combinations of the various measured parameters can be used 
to compute relevant variables to evaluate flow and sediment transport 
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FIGURE 5.4 Lowering of the bedload collector cradle for short 
reach lengths 
relationships . The computed variables used in this study include: 
(a) Unit Water Flow Rate, Sediment Transport Rate 
(b) Mean Velocity, Depth, Bedlevel, Stage 
(c) Water Surface Slope 
(d) Shear Velocity and/or Bed Shear Stress 
(e) Froude Number, Grain Reynolds Number, Entrainment 
Number 
(f ) Flood Wave Parameters; Strouhal Number, Steepness 
(g) Kinematic Viscosity 
5 . 6.2 Mean Stage and Bed Levels for the Comparison Procedure 
The bed levels derived from ultrasonic probe measurements dur-
ing steady and non-steady non- equilibrium experiments, at the various 
locations shown in Figure 5 .1 , were averaged over the reach length 
to give a mean bed level z. 
Stage levels at the stations shown in Figure 5.1 for the ST 
series were also averaged over the reach length for each time value 
-s to give a mean stage h 
Continuous water level traces obtained during the NS series, 
in the form of voltage- time curves, were used to obtain stage levels 
at various times during the wave period , at the two selected water 
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level gauge sites p, q, (Figure 5.1). The mean stage calculated from 
these two values was biased towards the higher water surface at the 
upstream end, which was caused by the out of phase response of the 
water surface profile to the local scour bed profile. To counteract 
this bias, (at the most 5 mm), a multiple regression analysis of all 
the water levels measured during the steady flow non- equilibrium trans-
port runs was completed using the statistical computer package 
OMNITAB II (1971). The analysis related stages measured at sites p 
and q during each run of the ST series with the calculated mean stage 
-s h from all the measured stations of each run i.e . 
-s 
h = + + 
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C . • . (5 .1) 
where the subscripts p, q refer to the water level gauge sites. There-
fore knowing the values of hNS and hNS for different times during 
p q 
- NS 
a translation wave experiment, a corresponding mean stage, h , could 
be obtained from equation 5 . 1. 
5.6.3 Bedload Transport Rate 
The average bedload transport rate versus time curve for the 
ST series was obtained by drawing lines of best fit through the ori-
ginal data. This was achieved with the aid of mean transport rates 
which were calculated over sufficiently long time intervals to damp 
out the oscillations created by the bedforms, usually 10 to 20 minutes. 
The bulk of the bedload yield, under the influence of a steep 
translation wave, arrived at the bedload collector in a series of 
spurts due to the presence of gravel bedforms on the bed. It was 
thus difficult to compute a representative instantaneous transport 
rate to compare with a steady flow non-equilibrium transport rate. 
The most satisfactory method of transforming the original transport 
rate time series to a smoother distribution, was the application of 
a linear centred moving average scheme. The computational procedure 
is a lead-lag process where the output is a function of (2m + 1) data 
points centred about the time value of interest, which can be shown 
in algebraic form as 
g' (t) = b gs(t) + b1 g (t-1) + ... + b g (t~m) s o s m s 
* + b* g (t+l) + ... + b g (t+m) 
1 s m s 
(5.2) 
The smoothed transport rate for the next time value of interest is 
obtained by dropping the earliest transport rate g (t- m) and picking 
s 
up the transport rate, g (t+m+l). Details of this procedure are con-
s ~ 
tained in Appendix B. The smoothed transport rate time series for 
the NS and SC series was plotted by computer in conjunction with the 
comparable average transport rate data fitted with a curve using a 
cubic spline piece- wise interpolation routine, (Appendix B) . 
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CHAPTER VI 
INITIAL MOTION AND STEADY FLOW EQUILIBRIUM TRANSPORT 
6.1 SYNOPSIS 
Observations and results are presented for the initial motion 
and equilibrium transport series of experiments, sections 5.4.1 and 
5.4.2. These are discussed and compared with other sets of experi -
mental data and formulae. The data, derived parameters, and formulae 
are listed in Appendices C and D. 
6.2 INITIAL MOTION (IM SERIES) 
6.2.1 Observations 
In the process of counting the number of particle detach-
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ments from the test are·a, observations were made concerning the motion 
of single grains . Near critical conditions the motion of grains oc-
curs in bursts when several grains detach from the bed. The frequ-
ency of these bursts increases as the mean bed shear stress increases . 
The burst s of movement appear to be random in time and position within 
the test area followed by relatively longer periods during which no 
motion occurs. It is generally accepted that these impulsive bursts 
of movement coincide with strong turbulent eddies impinging on the 
bed, {A.S.C.E. (1975)}. 
Many of the grains exhibited an unstable oscillatory movement 
for a short period prior to detachment by the turbulent eddies. The 
majority of grains propagated with a rolling motion with a much small-
er number moving by sliding and hopping. The step length for a single 
grain movement appeared to vary considerably, (from 1 up to 300 grain 
diameters), but the average step length generally increased with in-
creasing flow rate (.17 ~ q ~ . 38m3 /s/m) , from approximately to to 100 
grain diameters. The penetration of a grain in motion into the flow 
was never more than approximately 2 grain diameters above the bed 
surface for hopping movements. 
6.2.2 Results 
The data from the initial motion series, for two different bed 
slopes, is presented in Figure 6.1 in terms of the dimensionless era-
sion rate N and the entrainment function Y. Sidewall effects have 
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been eliminated using the formula derived by Williams (1970) using coarse 
sand bed -- material. The data of Griffiths (1976), obtained by the 
same method using a larger grain diameter, has been included in Figure 
6.1. It is clear that the data define a relationship between N and 
Y, which was determined by regression analysis as 
2.83 X 106 ... (6 .1 ) 
where n is the number of grains detached/unit area/unit time. The 
average value of the grain Reynolds number, Re*, for the initial 
motion series was 71 and for the experiments of Griffiths, approx-
imately 200. 
The erosion rate from the test area, n, can be expressed as 
a transport rate, g, given by the relationship: 
s 
n . 1 • p gV 
s g (N/s/m) 
... (6.2) 
where 1 = grain 
spherical grain 
step length (50 ~ l/D50 ~ 100) and V = equivalent 
'ITD3 g 
50 3 volume= -- (m) . The relation between the sedi-
6 
ment transport rate and the entrainment function for the experimental 
data was found to be 
3.3 x 10llyll.2 (N/s/m) ... (6.3) 
6.2.3 Discussion of Results 
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FIGURE 6.1 Relationship between dimensionless erosion 
rate and Shields entrainment function 
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ed by Neill (1968) for flow conditions in the rough turbulent zone 
where the grain Reynolds Number effect is weak. The value of the 
grain Reynolds Number Re* which defines the lower limit of the rough 
turbulent flow regime, varies among authors, but the minimum value 
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of Re* = 70 is commonly accepted. The experimental data for the ini-
tial motion series was obtained under conditions at this lower limit, 
but no differences were discernable when compared with the data of 
Griffiths (1976) for Re*·=. 200. Together these experiments suggest 
that the erosion of particles under critical conditions is ind~pendent 
of the grain Reynolds Number in the rough turbulent zone extending 
down to Re*= 70. Below this limit the grain Reynolds Number is ex-
pected to become a more significant parameter. 
The critical point of motion for any one particular grain on 
the bed surface is strongly dependent on the relative protrusion into 
the flow above the surrounding bed surface, as found by Fenton and 
Abbott (1977). This could be one of the reasons for the scatter about 
the trend line in Figure 6.1, particularly for the low values of the 
entrainment function, even though the bed was brushed carefully prior 
to the commencement of each test. 
The 11th power correlation of the t r ansport rate and the en-
trainment function, and also the slope of the N versus Y relationship, 
is consistent with the observation that a small increase in applied 
bed shear stress coincides with a noticeable increase in the number 
of particles in transport. The exponent, shown in equation 6.3, lies 
between the values of 8.15, 16 and 17.5 obtained by Pazis et al. (1977), 
Paintal (1971a) and Taylor (1971) respectively. The trend lines ob-
tained by the former two authors are shown plotted in Figure 6.2 along 
with the data from the IM series. Although the data plots above the 
mean line found by Paintal (1971a), all points lie within his band 
of scatter shown in Figure 6.2. 
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For uniform grains, it is practical to use an arbitrary value 
of N as an initial motion criterion from which the actual erosion rate 
can be easily calculated, rather than to use a subjective critical 
point of motion. This approach could eliminate the confusion of 
whether to use an initial motion criterion of first displacement, 
0 . 01 ~ Y ~ 0.03, or for a "small" finite transport rate e.g. Y = .06. 
Alternatively, any of the established initial motion criteria could 
be used in conjunction with the N versus Y relationship, which would 
yield an estimate of the actual transport rate to be expected. The 
criteria put forward by three authors are plotted on Figure 6.1. The 
entrainment function values from the Shields curve for the two differ-
ent grain sizes, (not shown is Y = . 056 for the size 050 = 4.02 mm 
used by Griffiths (1976)), correspond to two values of the dimension-
less erosion rate, N, which differ by more than an order of magnitude. 
This appears to confirm the suggestion that the Shields limit corres-
ponds to a definite transport rate, which is a function of the grain 
size concerned, for the lower region of the rough turbulent regime, 
70 ~Re*< 140. The suggested criterion of Neill and Yalin (1969), 
N = 1 x 10-6 , is reasonable (Y = .04) and is associated with a trans-
port rate of approximately 4 grains/m2/s (o50 = 2 . 11 mm) or 
g = 7.8 x 10-s N/s/m, (using equation 6.2 with a step length 
s 
l/D50 = 70), which is very small. 
An arbitrary value of N = 0.5 x 10-6 was chosen as the criterion 
for the base flow (q) used in the non-steady flow non-equilibrium 
C 
series, giving a value of q = .03m3/s/m. 
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6.3 STEADY FLOW - EQUILIBRIUM TRANSPORT (SE SERIES) 
6.3.1 Observations 
As the shear stress on the bed is increased more particles 
are set in motion over the whole bed resulting in an increased inci-
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dence of inter- particle collisions. The modes of transport for bed 
material grains can be classified as rolling, sliding, hopping and 
saltating. The predominant mode of transport was rolling while the 
other modes occurred less often . Saltation was only observed when 
some grains were propelled from the upstream face of a bedform over 
the trough region, penetrating the flow more than the 1 - 2 grain dia-
meters observed for hops. (Plate 6.1). 
Step lengths for a single grain movement varied considerably 
more than for critical conditions ranging from 1 - 1000 grain diamet-
ers. Usually for plane bed conditions, which occurred before the de-
velopment of bedforms, particle movement proceeded in several steps 
interspersed with short rest periods. When bedforms were present, 
most particles moved in one sweeping motion over the upstream slope, 
coming to rest in the trough region after sliding down the steep down-
stream face . For the high water discharges, it appeared that the 
majority of surface particles are in general movement, but calculation 
of the effective height, H, of the moving sediment layer spread over 
s 
the flume width reveals that 
H s = 0 . 1 mm 
(where u is the mean particle velocity), which is much smaller than p 
a grain diameter. 
The interaction between the flow and the sediment bed can de-
form the boundary into different shapes. For the range of water dis-
charges tested (.07 m2/s < q < .15 m2/s), the only bedforms encoun-
tered were long gravel bars or two dimensional dunes {(Simons and 
Richardson (1961)}, distinguished by their steep faced, flat topped 
shape with a long gently sloping tail (Plate 6 . 1) . As the dunes de-
veloped on the bed, the water surface profile became out of phase with 
the bed profile i.e . a drop in the water surface level occurred near 
the dune crest. 
I 
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Ten runs were completed for a range of water discharges, inclu-
ding three runs performed with the same flow rate to assess the repro-
ducibility of the tests . A maximum difference in bedload transport 
rate of 0 .008 N/ s/m, corresponding to a 3% difference, was obtained 
for the three similar runs. This falls within the experimental error 
of ±4%, estimated for the operation of the sediment hopper. 
The flume data is plotted in Figure 6.3 with curves of predicted 
values of equilibrium sediment transport rates, derived from various 





(wiere g is the equilibrium capacity transport rate), can be used 
se 
to approximate the flume data for q > .08 m3/s/m. The result of the 
regression analyses was 
76.3 
2.78 
N/s/ m (r . 996 ) (6.4) gse = q = ... xy 
2.63 
_8.0 
N/s/m (r . 997) (6. 5) gse = u = xy 
The typical features of the dune bedform profiles (Plate 6.1) 
were 
(1 ) Wavelength (AdL 
There was no obvious trend with increasing discharge, the 
wavelength varying during runs in the range 0.6 m ~Ad~ 1.5 m. The 
ratio of dune wavelength to water depth was generally between 5 and 
• 15, decreasing to the lower figure for the maximum discharge. 
(2) Height (l'idl_ 
The dune height increased with increasing water discharge, 
from a value of 6 mm up to a maximum height of 22 mm . 
l'i 
(3 ) Steepness (Sd = d/Adl_ 
The steepness of the dune profiles ranged from a minimum of 
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FIGURE 6.3 Predicted and measured equilibrium transport rate 
r ating curves 
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0.30 
0.003 to a maximum of 0.025 for the largest flow. A more detailed 
analysis of bedforms is carried out in section 7.5. 
6 . 3 . 3 Discussion of Results 
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The overall performance of the equilibrium formulae, shown in 
Figure 6 . 3, is gener ally poor, particularly fo r the lower water dis-
charges, where differences up to an order of magnitude are evident. 
This is a direct consequence of the various subjective initial motion 
cr iteria used as a basi s for the formulae . The bedload formula of 
Yalin (1963) fits the flume data with remarkably little error, despite 
an assumption used in the derivation of his formula which imposed 
a limitation to plane bed conditions . The formula is based on a de-
tailed analysis of the saltation mechanism, which is more appropriate 
for coarse grains such as gr avel . Yalin's bedload formula has been 
found to fit other well- known experimental data for coarse grains, 
{Henderson (1966)}, how~ver, for finer grain sizes, considerable dis -
crepancies occur between calculated and measured transport rates as 
shown by White, Milli and Crabbe (1973) . Paintal's (1971b) fo r mula 
approximates the slope of the trend line of the experimental data, 
and thus would only requir e a magni tude adjust ment to match the data. 
The equilibrium transport data, in the form of equation 6 . 5, 
will be used to compare with transport rates under steady flow non-
equilibrium conditions and to serve as a check on the initial trans-
port rates at t = 0 of these runs, to determine if equilibrium con-
ditions are present. 
6 . 4 SUMMARY 
The transport rate is strongly dependent on the applied bed 
shear stress near threshold conditions on the bed, hence the best 
method of determining a critical flow is to nominate a suitable trans-
port or dimensionless erosion rate. The transport rate is independent 
of the grain Reynolds Number Re* for values of Re* > 70 . Reasonable 
agreement was obtained with the initial motion transport rates mea-
sured by Paintal (1971a). 
The equilibrium transport formula which best predicted the 
experimental transport rates, was that of Yalin (1963). The only 
bedform type encountered in the range of flows .tested was two- dimen-
sional dunes or gravel bars. 
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CHAPTER VII 
STEADY FLOW NON-EQUILIBRIUM TRANSPORT 
7.1 SYNOPSIS 
The results and relevant discussion of the steady flow experi-
ments under non-equilibrium conditions, (g input= 0 and q(t) = 
s 
constant), are presented firstly for temporal variations at a fixed 
point in space, and secondly for spatial variations. Typical results 
from the experimental series are identified by the identification 
code outlined in section 5.2 The last section is an analysis of the 
geometric properties of the bedforms including comparisons between 
experimental results and predictions of published formulae. Detailed 
results are listed in Appendix E. 
7.2 EXPERIMENTAL OBSERVATIONS 
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Nine runs were executed, as outlined in section 5.4.3, for each 
of the five test section lengths with various steady flow rates rang-
ing from 0 . 045 - 0 . 160 m3/s/m . The corresponding flow rates for each 
reach length differed slightly (3%), which was attributed to the dif-
ficulty of setting a desired flow precisely. During the initial eq-
uilibrium transport phase, immediately prior tot= O, essentially 
plane bed conditions existed for flow rates less than 0.067 m3/s/m, 
although small bedforms (~d·=.2D50 ) were observed later in the non-
equilibrium phase for q = . 067 m3/s/m. For flow rates higher than 
.067 m3/s/m, bedforms were present on the bed at t = 0. 
For each run, after the upstream equilibrium sediment supply 
was severed at t = 0 the flow began to locally scour the erodible 
bed in the vicinity of the edge of the fixed apron, the intensity of 
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scouring depending on the flow rate. During runs with low flow rates, 
q ~ .056 m3/s/m, the scouring intensity was low, and a localised scour 
3 hole first became apparent at approximately t = ~ - 1 hr . 
For the higher flows, q ~ .067 m3/s/m, the flow immediately 
began to scour bed material from the upstream end of the test reach. 
This material was transported up the back slope of the last bedform, 
which had previously formed at the upstream end immediately prior to 
the input sediment cut- off, and was subsequently deposited as it ava-
lanched down the steep lee face of the bedf orm. As scouring of the 
bed continued, under the higher flow rates (q ~ 0 . 082 m3/s/m), the 
flow field in the local scour hole became dominated by a fluid vor -
tex, ACB, shown in Figure 7.1, with a reverse flow, observed with the 
aid of dye, close to the bed surface. The fluid vortex occupied the 
zone of separation between the main stream and the degraded local 
scour hole surface . The scour hole continued to deepen under the 
fluid vortex and reached a maximum depth at the downstream extremity 
of the vortex. In this region, from the edge of the fixed apron to 
the area of maximum scour depth, typically 0.2 - 0.5 metres, the grain 
motion was disordered with motion forwards and/or backwards along the 
slope and also in the transverse direction . However, the overall ten-
dency was to move down the slope showing gravity to be the dominant 
influence. As the bed degraded, the motion of grains in the scour 
hole became more sporadic, occurring in bursts, as observed during 
the initial motion runs (section 6.2.1). 
The bed at point A (Figure 7.1), at the transition boundary 
always remained in contact with the corner edge of the fixed apron. 
During a preliminary series of steady flow experiments, after an ini-
tial period of scouring, the flow was stopped and the wedge of sedi-
ment ABD, shown in Figure 7.1, was then carefully removed by hand. 
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ABD was back-filled with sediment . Thus the fluid vortex had the 
ability to restore the local scour hole to its original shape, 
provided critical conditions had not already been reached at the base 
of the scour hole or scour pit, (Figure 7.1). This suggested that 
the characteristic shape of the upstream portion of the local scour 
hole was explained by the presence of the fluid vortex. 
From the section of maximum depth, where the main flow stream 
re-established contact with the bed, the local scour profile rose to 
the point where it first reached the original bed level, Figure 7.1. 
This point moved at the dune celerity, as the back slope of the last 
bedform was continually eroded. Thus the downstream edge of the local 
scour hole propagates downstream with time. 
The water surface above the scour hole was out of phase with 
the bed, as shown in Figure 7 . 1 . The average level of the boil in-
creased slowly with time, as the bed degraded, and was therefore 
higher than the boils associated with the trough regions of bedforms 
further downstream. 
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Several times during the higher discharge runs, small dunes 
developed on the back slope of the last parent dune bedform and pro-
pagated at a celerity faster than the original dune. As the smaller 
dunes. approached the crest region, the parent dune slowed to a stand-
still until assimilation was completed. This phenomenon was also 
observed occasionally on dune bedforms downstream of the scour hole, 
especially if they were larger than the neighbouring dunes. 
The motion of single grains, downstream of the scour pit, 
(area of maximum scour depth), was the same as that described in 
section 6 . 3 . l for plane bed and dune configurations, whichever was 
relevant to the particular run. 
7 . 3 TEMPORAL VARIATIONS RESULTS AND DISCUSSION 
7.3.l Bedload Transport Rates 
(1) Results 
The averaged* bedload transport rate- time curves for different 
flow rates are shown in Figure 7 . 2. They were measured at the samp-
ling station at the end of the control test reach, 9.29 m from the 
start of the erodible bed. Plots of this form (one set for each reach 
length using data in Appendix E), were used to obtain comparable st-
eady flow non- equilibrium transport rates for the non-steady flow 
series, by the comparison procedure shown in Figures 3.10, 11. By 
dividing the transport rate by the initial equilibrium capacity rate 
at t = 0,g ,(obtained from equation 6.4), the variation with time 
se 
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of the transport rate and the elapsed time for the reduction in the 
transport rate to begin, for different flow rates, could be more clear-
ly seen as shown in Figure 7.3 for the test reach length xR = 1.74 m. 
(2) Discussion of Results 
During the steady flow non-equilibrium runs, after t = O, the 
downstream end of the general scour hole which forms on the erodible 
bed, progressively moves downstream with time. This migration of the 
scour hole explains the shapes of the bedload curves in Figures 7.2 
and 7 ; 3 . As equilibrium transport conditions were established prior 
tot= O, the bedload transport rate at the measuring station at e.g. 
t = t 1 , is close to the equilibrium value initially (Figure 7.3). The 
reasons for the variation of g /g about the value 1.0 at t = 0 
s sea 
can be attributed to experimental variations, particularly variations 
in the initial mean bedlevel at t = 0, which will alter the mean flow 
velocity, relative to the flow rate q, for which gse was calculated. 
0 
The transport rate decreases once the downstream end of the scour hole 
has passed the sampling point. For the low flow rates, q ~ .056 m3/s/m, 
shown in Figure 7.2, this effect was not noticeable because the dur-
ation of the runs (two hours) was not sufficient for the scour hole 
profile to affect the transport rate at the measuring station at 
xR = 9.29 m. With increasing water discharge, transport rates during 
a run did reduce, with commencement time for the reduction being smal-
ler for the higher discharges, (see Figure 7.2 and 7.3). Neither 
the time of arrival of the leading edge of .the scour hole nor the 
time when the transport rate reduces, can be clearly defined and so 
they cannot be correlated definitively. 
Thus under non-equilibrium conditions the transport of bedload 
is obviously a non-steady process. As the bed, at any section within 
the non- equilibrium region, degraded, the local bedload transport 
capacity also decreased. Whether or not the decrease of the actual 
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in transport capacity, particularly in the local scour area, will be 
discussed later in section 7.4 . 3 . 
7 . 3 . 2 Maximum Scour Depth 
(1) Results 
From the bed elevation profiles measured at various stages 
during a run, the maximum scour depth, d , could be obtained. The 
max 
point where the maximum scour depth occurr ed migrat ed downstream very 
slowly compared with the leading edge of the local scour hole and was 
generally located between 0.15 - 0.4 m from the edge of the fixed bed . 
The temporal variation of d for the different flow rates is shown 
max 
on the logarithmic plot of Figure 7.4 for xR = 5 . 29 m. The other 
four test reaches yielded approximately the same scour development. 
After the initi al transition period (approx imately 10 minutes), 
the maximum scour depth followed a power relationship with time of 
of the form 
d (q,t) = atb 
max 
... (7 . 1) 
where a, bare f unct i ons of the fluid and sediment properties . Apart 
from the data for t he s malle s t d ischarge s hown, wher e t he f inal d 
max 
value was only 4D50 , the mean value of b was 0 . 31. 
(2) Discussion of Results 
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Chuna (1975) has suggested that for any local scour phenomenon, 
the time history of scouring development consists of four distinct 
phases, (section 2.3.2). Only the first two phases were present in 
the ST series because of the shor t 2 hour run duration . These phases 
as shown on Figure 7 . 4 were the initial transition phase and the first 
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where y0 is the approach flow depth. 
In the present study the transition period was present for the 
first 10 minutes, (Figure 7.4). The increase in the slope of the 
curves in this period with increasing discharge reflected the increas-
ing mismatch or step change between the input equilibrium transport 
rate for the particular flow rate and the zero input transport rate 
at t = 0. 
The slope of the experimental curves for all the runs with the 
onset of the principal phase approached a constant value, where equ-
ation 7.1 was applicable, and similarly equation 7.2 if y is incor-
o 
porated in the constant a. By that stage the fluid vortex system, 
which occupied the separation zone at the upstream end, was developed 
and would account for the constant power correlation with time for 
all the runs shown in Figure 7.4. The exponent values, b, lie in 
the range between 0.38 found by Breusers (1966) and 0.20 from the 
results of Colaric, Pichon and Sananes (1967) for similar experiments. 
Run STO253 with the lowest flow rate yields a value of 0.38 for b which 
is the same as Breusers' value, however the results have a greater 
experimental uncertainty as the changes in d , for each time step, 
max 
are of the order of a grain size . 
With only a limited range of hydraulic conditions, using a 
single bed material and the two hour duration, it was not possible 
to ascertain generalised values of the constants a' and bin equation 
7.2. Any theoretical approach to predict values of a' and b for a 
maximum scour depth-time formula will be strongly dependent on the 
initial motion criterion which is used in the formulation, as was the 
case for the various equilibrium transport formulae discussed pre-
viously (6.3.3). 
7.4 SPATIAL VARIATIONS RESULTS AND DISCUSSION 
7.4.1 Scour Hole Profiles 
(1) Results 
Two sequences of typical scour hole profiles are shown in 
Figures 7.5, 7.6 for a low and a high steady discharge respectively. 
For comparison, the original graded bed levels, prior to the commence-
ment of the runs, are also shown . These levels are not to be con-
fused with the bed profiles at t = 0, when the equilibrium sediment 
input rate was suddenly reduced to zero. The oscillations in bed 
level, shown in Figure 7.6, downstream of the local scour hole, but 
within the general scour hole (Figure 7.1), are due to the presence 
of dunes. However, the profile as shown does not correspond to the 
actual continuous profile, since elevations were measured at discrete 
intervals one metre apart after x = 3 m. 
Together with the maximum scour depth, the slope of the scoured 
bed at the edge of the solid apron is important in describing the 
local scour hole shape . Apart from the three lowest flow rates, 
q ~ .067 m3/s/m, where the scour hole profile is much flatter, the 
maximum angle between the original bed level and the scoured bed sur-
face a , (shown in Figure 7.6c) was reasonably constant, lying in the 
range 11° - 20°. 
(2) Discussion of Results 
The general scour hole profile for the low flow rates (Figure 
7.5) assumed a much more slender profile than those obtained for the 
higher discharges. Erosion of the bed essentially occurred as a thin 
sheet of bed material in the absence of any visible bedforms. A shal-
low local scour hole has developed in Figure 7.5(a). The hole con-
tinues to deepen in (b) but with time the rate of change of the max-
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·tially unchanged over 2600 seconds, while the scour hole length con-
tinues to grow. 
In contrast, the scour hole development for the maximum steady 
flow rate (Figure 7.6), occurred rapidly after the upstream sediment 
supply was severed. Figure 7.6(a) shows the profile measured after 
an average elapsed time of 6~ minutes. The increase in the maximum 
scour depth, d , which occurred in such a short span of time, em-
max 
phasizes the mismatch condition which was present in the initial 
transition period. This rapid growth may be ascribed to the large 
difference between zero and equilibrium capacity bedload transport 
rates. 
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The scoured bed material became an integral part of the sedi-
ment transfer processes of the last dune bedform which had previous-
ly formed at the upstream end of the erodible reach, immediately prior 
to the input sediment cut- off. As the ability to transport the avail -
able bed- material diminished in the scour pit region, the deficit 
of material to satisfy the flow transport capacity at points further 
downstream, is eroded from the sloping back of the dune, thus elong-
ating the scour hole profile (Figure 7 . 6 (b )), while the point of 
maximum scour depth remains relatively fixed. 
Figure 7.6 (c) exhibits a further advanced stage, where the 
general scour hole occupied the whole test reach, even though the bed 
profile locally crosses or touches the original bed level at x = 4 m, 
7m. This makes the definitive estimation of the general scour hole 
length more complex than estimates of the maximum scour depth, as 
a continuous mean bed elevation trend line must be used. 
A comparison of Figures 7.5 and 7.6 reveals that the bedform 
at the downstream extremity of the local scour hole, plane bed and 
dune bedform respectively, is indeed related to the bedform regime 
further downstream, (shown more clearly for dune bedforms in Figure 
8 . 19). This relationship was postulated by Padmavally et al. (1980) 
for dunes and shown in Figure 2.2, by Raudkivi (1965 ) , for ripples, 
(see section 2.3 . 2) . 
The slope angle a, or the upstream slope of the local scour 
hole profile was always much less than both the angle of repose 
(~ 35°) and the slope of the lee face of the dune bedforms. This 
is probably due to the more pronounced reverse flow of the fluid vor-
tex, which maintains the shape as observed in section 7.2, compared 
to the fluid eddies which exist in the lee of the dune crest, where 
particles were not observed moving up the dune face. Also the bed 
particles in transport, which avalanche down the lee slope of a dune, 
create a steeper slope. Such avalanching does not exist at the up-
stream end of the scour hole where there is no sediment input to the 
reach. The constancy of the angle a appears . to be the result of a 
delicate balance between the fluid forces exerted by the fluid vor-
tex and the effects of gravitational forces on the surface particles. 
Scour hole profiles typical of those computed from a mathemat-
ical model of the water and sediment phase interactions are shown in 
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Figure 7.7, adapted from Chen (1973) . They differ significantly from 
the experimentally obtained profiles (Figure 7 .6 ), at both extremities 
of the scour hole. Just as physical processes e.g. the fluid vortex, 
determine the shape of the experimental scour hole profile, so also 
the numerical processes used in the mathematical model, determine the 
profile in Figure 7 . 7 . Existing mathematical models for steady flow, 
non-equilibrium conditions incorporate two equations (section 2.3.3), 
one of which describes the sediment_ phase, a continuity equation, in 
conjunction with an equilibrium transport formula. Hence, only one 
boundary condition can be specified for the bedload i.e. the sediment 
hydrograph at the upstream end, e.g. g (o,t) = O. The explanation 
s 
of the shape of the scour hole at the upstream end of Figure 7.7, 
is that atx~Othere is a discontinuity, where the bedload trans-
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else in the reach attains its equilibrium value. Thus the maximum 
+ 
scour depth will occur at x = 0, and not further downstream as was 
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the case under the fluid vortex. This will lead to a slightly great er 
maximum scour depth as the sediment wedge AEC (Figure 7.1) is neglected . 
The general mathematical model cannot fully model microscale features 
on the bed such as dunes, therefore the profile of Figure 7.7 appro-
aches asymptotically to the x axis. However, this limitation is not 
serious with regard to the general scour hole shape for steady flows, 
as the experimental scour hole length is probably best determined 
using a mean bed elevation trend line. 
7.4.2 Bedload Transport Rates 
(1) Results 
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By collecting transport rate- time curves at several stations 
along the control test reach, the spatial variation of bedload trans-
port rates can be determined. Bedload transport rate-time curves for 
two constant water discharges and seven different reach lengths are 
presented in Figures 7.8a,b. The data derived for the two shortest 
reach lengths shown, 0 . 2 m and 0 .4 m, was obtained from a time series 
of scour hole profiles for that particular discharge, using the finite 
difference equation 3.6 . The plots in Figures 7.8a,b can also be re-
drawn to show the bedload transport rate variation with x with time 
as the third parameter. These are shown in Figures 7.9 a,b for the 
same discharges of 0.127 m3/s/m and 0.159 m3/s/m respectively. 
(2) Discussion of Results 
With reference to Figure 7 . 8, the transport rate initially 
was close to the equilibrium transport capacity, for all points in 
the test reach. The rate soon decreased at the upstream section due 
to the effect of the non-equilibrium sediment boundary condition, 
g (t) = 0. The affected bed length increased with time, so at bed-
s 
load sampling points downstream, the transport rate successively 
dropped from the equilibrium value. The decrease in trans port rate 
was rapid in the scour pit area, (up to x = 0 . 74 m), but became less 
R 
severe with distance downstream. Comparing Figure 7.8(a) and (b) shows 
that the drop in transport rate occurs much sooner and at a faster 
rate for the larger flow rates than for the smaller flow rates. 
After the initial rapid decrease, the bedload transport rate 
decreases much more slowly with time, for small values of xR , with 
critical transport conditions being approached asymptotically. The 
close proximity of the transport rate curves for the 

































q = 0. 127 m3 /s/m 
~= 9.29m 
0.2m 0.4m 
0 20 40 60 80 100 
Time (mini 








~o 1.2 r 
o; 
" -.... -i ,. 0 
I CJ)' 












C) o. 2 i-
0 
0 
q = 0.159 m3/s/m 
\ '\ ....... 
20 40 60 80 
Time (mini 







~ 1. 2 ~ q = 0.127 m3/s/m 
~ -.. )< - I r = o-Ill 
I D) 1.0 
(lJ -0 




0 0.6 ~ 
VI 
VI 






0 1 2 3 4 5 6 7 8 9 
Distance, x (m J 



























q = 0 .. 159m3/s/m 
t = 0-
* 
1.0 2.0 3.0 4.0 5.0 6.0 
Distance, x , (m) 
7.0 
Meo suremenc of Dune 
Profile (Section_ 7.5.1) 
8.0 9.0 





the general scour hole profile approached close to the original bed 
level (Figure 7.9). A similar plot to Figure 7.8 of the transport 
rate variation with x and t was obtained by Soni, Garde, and Ranga 
Raju (1977) for the non- equilibrium case of aggradation, but the 
asymptote in their case was the overload transport rate, gse + ~gs· 
The plots shown in Figure 7.9 display more clearly, than Fig-
ure 7 . 8, the actual spatial distribution of the transport rate at 
any particular time. The transport rate increased rapidly from the 
value of zero at the upstream boundary with distance x. As the eq-
uilibrium transport capacity of the flow was approached, the rate 
of change, [::s], asymptotically approached zero, where the constant 
state region of Figure 3.5 exists. However the curves in Figure 7 9 
do not display a simple function, where the variation in slope[::~]. 
with distance x, is continuously decreasing from x = 0 as would be 
e[;~e]cted, (see Figure_ 8- 5 
axs at first increases and then subsequently 
in Gessler (1971)). 
to the distorted S- curves shown in Figure 7.9. 
Instead the slope 
decreases giving rise 
The main reason for 
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the distorted S-shaped curve is thought to be the vigorous scouring 
action of the downstream end of the fluid vortex in the scour pit reg-
ion where the inflexion point of [::s] occurs, giving a local maxima. 
Another effect which will be present is the rapid decrease in the 
local transport capacity in the scour pit because of the rapid degrad-
ation of the bedlevel, for the same flow rate. This effect will be 
investigated in the next section. 
7.4.3 Transport Rate Comparison With Comparable Equilibrium 
Transport Rates 
(1) Results 
The previous results section 7.4.2 showed that the bedload 
transport rate decreases as the bedlevel drops at any point x . The 
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drop in bedlevel also in turn reduces the bedload transport capacity 
at that point. To determine the deficit, ~g• between the actual s , 
transport rate g (x,t ) and the comparable local equilibrium transport s 
capacity g (x ,t), if any, the comparison procedure, outlined in de-
se 
tail in section 3.3.2, was used. The time series of scour hole pro-
files used in the comparison procedure were measured at five minute 
intervals initially for 15-20 minutes when the scouring intensity 
and [::s] were high at the upstream end, and then at 15 minute inter-
vals thereafter. 
The results of the analyses for stations xR = 0.3 m, and 
x = 0.4 m, where the maximum scouring action occurs, are shown in 
R 
Figure 7.10 for increasing values of time t. The steady flow equil -
ibrium transport relationship, equation 6.5, is also included. The 
comparable equilibrium capacity could be obtained by entering the 
equilibrium curve at the same local mean velocity as in the non-
equilibrium run. An example is shown in Figure 7.10 for the ST0753 
~at~ 0.4 m. At t = 12.5 minutes, the mean calculated trans-
port rate is . 049 N/s/m and the mean flow velocity is .653 m/s. The 
above transport rate can be compared with the comparable equilibrium 
transport capacity rate, g (0.4,12.5) = .087 N/s/m at the same mean 
se 
velocity. The equations for each of the straight line segments of 
the non-equilibrium curves in Figure 7.10 are summarised in Table 7.1. 
( ) - b* (where g x,t = a*u 
s 
N/s/m and r = correlation coefficient.) 
xy 
( 2 ) Discussion of Results 
The transport rate initially was close to the equilibrium rate, 
which can be seen in Figure 7.10 for the first five minutes, although 
with some scatter about the equilibrium transport curve , due to the 
short base time for averaging the bedload transport rate. However 
soon after the initial period of five minutes, the actual bedload 
transport rate, g (x,t), decreased much more rapidly than the compar-
s 
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TABLE 7 .1 Non- Equilibrium Transport Rate Equations. 
Run No. of X a* b* r 
Points (m) xy 
Equilibrium 2 . 63 8.0 
ST0993 
4 0 . 3 62.4 20.3 .999 
5 0 . 4 70.6 20.l . 997 
ST0893 3 0.3 63.4 18.9 .999 
4 0.4 49.8 17.7 .989 
ST0753 4 0 . 3 34 . 4 15.7 .992 
4 0.4 40.8 15 . 5 . 994 
ST0653 3 0.3 216 18.3 .988 
4 0 . 4 210 17 . 7 . 984 
ST0907 5 0.74 10.2 13.4 .999 
f low velocity . This trend created a proportionately increasing 
deficit ~g• between non- equilibrium and comparable equilibrium trans-
s 
port rates with time. Soni et a l . (1977) a l so found t hat t he actual 
non- equilibrium transport rate was generally lower than the equili-
brium rate for aggrading channels. 
The local bedload transport rates computed at xR = 0 . 3 m and 
0.4 m, using the finite difference continuity equation 3.6, followed 
the same trend as the g versus u curve in Figure 7.10 where a strai-
se 
ght line segment, corresponding to high transport rates, gives way 
to a curve as the transport rate diminishes. The slopes of the strai-
ght line sections are much greater than that of the g versus u curve 
se 
as shown by the high values of b* in Table 7 . 1. 
For the curves obtained from a particular run (q = constant), 
the straight line segments are approximately parallel for the two 
different stations within t he scour pit region, but for the downstream 
station, xR = 0 . 4 m, the slope is always less (Table 7.1). The 
deficit ~g• between the actual and equilibrium capacity transport 
s 
rates is also less for the downstream station xR = 0.4m, given the 
142 
same mean velocity. This decrease in the deficit with distance down-
stream must necessarily be so, as further downstream of the general 
scour hole in the constant state region, the actual transport rate 
equalled the equilibrium capacity rate. Additional evidence is ob-
tained from the actual transport rate curve measured at 0.74 m during 
run ST0907 (q = .160 m3/s/m) and plotted in Figure 7.10 where the 
slope (orb*) is much lower than for the curve at xR = 0.4 m obtained 
during run ST0993 (q = .159 m3/s/m). 
The other main feature of the results, for a particular run, 
is the proportionately increasing transport rate deficit ~g• with time 
s 
(Figure 7.10 and also shown by the values of b* larger than that of 
the equilibrium equation) e.g. at t = 7 .5 minutes during run ST0993, 
for xR = 0.3 m, ~g• is 62% of g (0.3,7.5), while at t = 37.5 minutes, 
s se 
~g• is 91% of g (0.3,37.5). 
s se 
However one of the reasons for this proportionately increasing 
deficit, is inherent in the definition of the local equilibrium cap-
acity rate based on mean flow velocity. From measurements of tur-
bulence and velocity profiles within the scour hole by Breusers (1966, 
1975), where the local scour hole can be compared to a free mixing 
layer, the choice of the mean flow velocity u to determine the trans-
port rate does not adequately represent the distorted velocity pro-
files near the scoured bed. A more pertinent approach would be to 
relate the local flow velocity near the bed surface to the local trans-
port capacity. However it remains to be seen whether a transport 
rate deficit would still exist between the actual transport rate and 
a capacity transport rate based ' on the local mean bed velocity, which 
may well be negative for x < 0.3 m. 
Figure 7.10 also shows a decrease in slope of the g (x,t) - u 
s 
line segments, and thus the transport rate deficit, with decreasing 
flow rate, (see exponent b* in Table 7.1), with the exception of run 
ST0653 which had the lowest flow rate shown. This is the same effect 
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as was present in the transition zone of the d versus t curve (Fig-
max 
ure 7.4), where the mis - match between the zero input bedload trans-
port rate at x = 0, and the equilibrium transport capacity for x > 0, 
decreases with decreasing water discharge. The reason for the incr-
ease in the e xponent b* for run ST0653 was the close proximity of 
the bedload transport curve to the steeper curved segment of the eq-
uilibrium transport relationship for weak sediment transport. 
The relationship between the dimensionless sediment transport 
g (x, t) 
rate s and distance x shown in Figure 7.9(b) can be replotted 
gse 
0 
using the ratio of the actual transport rate to the local transport 
capacity viz. g (x,t)/g (x,t) where calculation of g (x,t) is based 
s se se 
on the mean flow velocity. This ratio is shown in Figure 7.11, which 
shows the spatial variation of the dimensionless transport rate de-
ficit, ~g'/g (x,t) for one particular flow rate q = .159 m3/s/m, 
s se 
at different stages during the development of the general scour 
hole. The spatial variation of the dimensionless deficit occurs 
because the flow requires a finite length of bed to erode sufficient 
bed material to satisfy the equilibrium capacity gse of the flow 
0 
downstream of the scour hole. As expected, the deficit is greatest 
+ 
at X = 0 , where the local transport capacity is g 
se 
0 
transport rate is approximately zero. Because of the 
but the actual 
large difference 
between the capacity and actual transport rates near the upstream 
end, and the scouring action of the downstream end of the fluid vor-
tex, the gradient [::s] attained its maximum value in the scour pit 
region, 0.lm - 0.4 m depending on the time. 
A relationship was assumed by Foster and Meyer (1972) for era-
sion of soil in rills, where the rate of erosion is proportional to 
the difference between the actual transport rate and the transport 





ox C(g - g) se s . • . (7 .4) 
where the parameters are all expressed at a common point and a part-
icular time and e 
s 
d . . { - 1} 1mens1ons m • 
• local erosion rate and C is a constant, with 
The behaviour of the curves drawn in Figure 7.11, 
is in close agreement with the integrated form of equation 7.4, if 
the small distance x from the Ppstream end of the fixed bed is ig-
o 
nored e . g. x = .28 m in Figure 7 . 11 fort = 60 minutes. The inte-
o 







e o ••• (7.5) 
After choosing a value of x for each time, the value of C, which 
0 
yielded the best fit of the data in Figure 7 . 11, was chosen by trial 
and erro r . They are lis ted in Figur e 7.11. 
Dividing by the local transport capacity, equation 7.4 becomes 
+ l . • . ( 7 . 6) 
where Cg can be associated with the erosion capacity. This eq-
se 
uation describes simply the interaction between the sediment trans-
fer processes of erosion and transport under non- equilibrium con-
ditions, as outlined in the conceptual model, section 3.2.3. Thus 
when the local transport rate g is small, the local erosion rate e s s 
will be close to the erosion capacity of the flow, but as the local 
transport rate approaches the local equilibrium capacity, the erosion 
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The curves of Figure 7.11 also reveal that the dimensionless 
deficit, ~g• /g (x,t), is not present over the whole length (L) 
s se s 
of the general scour hole e.g . for q = .159 m3/s/m (ST0993) the gen-
eral scour hole occupied the entire reach, Figure 7.6(c), yet the 
dimensionless deficit is present for only the first 4.0 m when t = 60 
minutes. Four metres is approximately the length of the local scour 
hole, defined between the edge of the fixed apron and the first dune 
bedform, as shown in Figure 7.6(c) for that run . 
As a consequence of the transport rate deficit ~g• between 
s 
the actual non- equilibrium transport rate and local capacity trans-
port rate (computed from u), the performance of steady- flow non-
equilibrium mathematical models will be affected in the upstream sec-
tion of the scour hole. An equilibrium transport formula of the form 
_b 
= au • . • (7. 7) 
where a,b are arbitrary constants, is widely used to close the sol-
ution set for the model formulation and is applied everywhere in the 
spatial domain except at x = 0. Thus any computation of the time 
dependent local scour hole development e . g . d , using the formula max 
7 . 7, will underestimate the time scale, because in this region the 
actual transport rate is lower than the local capacity transport rate 
of the flow, defined by equation 7.7. 
7.5 BEDFORMS 
7.5.1 Dune Profiles (see also Plate 6.1) 
A detailed analysis of bedform geometric properties for steady 
flow, non-equilibrium conditions was performed. The results were 
compared with the prediction methods for bedforms under equilibrium 
conditions by Yalin (1964) and Gill (1971), to provide a reasonable 
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dune height (.1d), celerity ·(Cd) and particularly the wavelength (),d), 
varied considerably about an average value in both the spatial and 
temporal domains. 
Two typical triangular shaped dune profiles were obtained in 
the temporal domain with the ultrasonic probe positioned at a fixed 
station as the bedform propagated past the probe, and are shown in 
Figure 7.12. An interesting feature of profile No. 1, is the small 
dune which formed on the back slope of the parent dune. This phenom-
enon was observed a number of times as noted previously in section 
7.2. The angle between the original bed level and the steep down-
stream face of the dunes continuously varied between 320 and 46°, but 
was generally greater than the measured angle of repose for the bed 
material in still water of~= 350_ 
7.5.2 Dune Wavelength 
The wavelength correlation with water depth(similarly with q), 
is presented in Figure 7.13. For large values of Z(= y/050 ), Z~l00, 
Yalin (1977) predicted a theoretical value of wavelength to depth 
ratio of 
•.• (7.8) 
However, despite the scatter of the data in Figure 7.13, the mean 
wavelength Ad' appears to be independent of the water depth for the 
larger values of z. For smaller values of z, Z<70, the mean wave-
length actually increases with decreasing depth. These dunes can 
be likened more to long gravel bars present in coarse grain rivers 
with low values of z. The maximum value of the ratio Ad /y obtained 
from the data was 15 and the lowest was 3.5, while the mean value 
ranged from 13 to 6, with increasing z. The larger values of Ad/y 
above Yalin's (1977) value of 2n were also confirmed by Yalin and 
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FIGURE 7 . 14 Dimensionless dune height correlation with a dimensionless 
shear stress parameter 
No real trend was discerned between the dune wavelength and 
the spatial position in the test reach. 
7.5.3 Dune Height 
The dune wave height, t.d, measured between the maximum crest 
level and the minimum trough level, is shown in Figure 7.l4. A plot 
of the form 
t.d 
y 
where T = cr itical shear stress and T = bed shear stress, is con-e o 
venient to compare the experimental data with the formulae of Yalin 
(_1964) and Gill (1971).. Once again, there is considerable scatter 
of t he data points, yet the t rend o f the data is more obvious than 
was the case for the dune wavelength . The formula proposed by Yalin 
(1964) passes through _the data, which actually follows a line of 
slightly gr eater slope. The modification to Yalin's formula, as 
pr oposed by Gill (1971 ), appears to overestimate the height of dune 
bedfor ms fo r the present experimental series. 
7 . 5 . 4 Dune Steepness 
The ratio of dune height to wavelength, defined as the dune 
steepness Sd where 
. . . ( 7. 9) 
is an important parameter which can be used to relate the dune geo-
metric properties to a resistance coefficient such as the friction 
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factor, Freds,z!e (1975}. The dune steepness is plotted in Figure 7.15 
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so that the curves obtained by Yalin and Karahan (1979) could be inc-
luded for comparison. The curve represented by 
sd = .0127 (n - 1) . . . ( 7 . ll) 
in Figure 7 . 15, is the limiting dune steepness for all values of z, 
proposed by Yalin et al. (1979) . An expression derived by Freds~e 
(1975) 
l 
8 . 4 (l - • ~
6 - 0. 4 Y / ... (7.12) 
was adapted to include the dimensionl ess shear stress by introducing 
the value of Y = 0 . 036 der i ved from the choice of an a r bitra ry N 
C 
value in section 6.2 . 3. This gave 
1 (1 - 1.671 - .Ol44n)2 
8. 4 n 
••. (7.13) 
and is shown in Figure 7.15. It drops more sharply for lower n 
values, than the curves of Yalin et al. (1979), because the original 
expression, 7.12, of Freds~e (1975) gave a zero value of Sd at 
Y = Y = 0.0615. 
C 
Because of the influence exerted by the dimensionles s depth 
(Z) effects, the experimental data was split into two groups 
55 ~ Z ~ 80 
80 < Z < 100 
The data of the latter group spread across and beyond the relevant 
r egion between the curves C3 and C4 of Yalin et al. (1979) on Figure 
7.15, but the former data group falls below the relevant curve C3 . 
Thus the overall trend of all the data points has a greater slope 
than t hese curves, but follows more closely the slope of the curve 
derived by Freds~e (1975) . 
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7.5.5 Dune Celerity 
A limited data set of dune celerities, Cd, was measured during 
the ST series when dunes were present on the bed (14 measurements). 
The data, which is plotted in Figure 8.1~, is described determinis-
tically by the equation 
= {m/s) (7.14) 
This is very similar to the third power correlation, obtained by 
Guy, Simons and Richardson (l966), between the bedform celerity and 
the mean flow velocity. 
7.5.6 Bedform Data Base 
From the variability of the data, describing the geometric 
properties of bedforms, it is obvious that individual dune forms are 
the result of random processes, nevertheless mean properties can be 
related deterministically to the flow conditions. These mean steady 
flow geometric properties can be used as a reasonable basis of com-
parison for non-steady flows, under similar non - equilibrium conditions, 
provided mean geometric properties during the latter experiments are 
also use d. Because the two sets of non- equilibrium experiments, 
steady and non- steady flow, compare transport rates by equating s t age 
and bed levels, then the effects of a slight decrease in e . g . dune 
height, as the bed level degrades, will be minimised if the dune pro-
perties are likewise compared. 
7.6 SUMMARY 
The particular non- equilibrium system in which water flows 
from a fixed rough bed onto an erodible bed, with no sediment input 
at the upstream end, was investigated. Two types of degradation were 
observed : 
(1) Localised degradation, which was dominated by a vortex 
roller which formed between the fixed- to-erodible bed boundary and 
the point of maximum scour depth (or scour pit region ). In this reg-
ion two temporal phases were present: 
(a) Initial transition phase which was a relatively short 
period of rapid scouring 
(b) Principal phase where the maximum scour depth was 
related to the elapsed time by a constant power 
relation. 
(2) General degradation downstream of the local scour hole, 
where the mean bed level asymptotically approached the original bed 
level. In this region dune bedforms were the distinguishing feature 
for all but the lowest flow rates. 
At any point, the transport rate decreases with time after 
the general scour hole reaches the vicinity of that point. Non-
equilibrium transport is thus a non- steady process . 
At any time, the transport rate varies spatially, increasing 
rapidly from zero, at the upstream boundary, and through the region 
of the scour pit, but increasing more slowly as equilibrium transport 
conditions were approached at the downstream end of the general scour 
hole. 
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The non- equilibrium transport rate results have been compared 
to comparable local equilibrium transport capacity rates in the gen-
eral scour hole. The differences found between these two transport 
rates are those between the actual transport rate and the local cap-
acity of the flow (computed in terms of mean flow velocity) for steady 
flows. The difference or deficit in the transport rates exhibits a 
spatial variation. It decreases rapidly in the scour pit region from 
+ 
a maximum at x = 0, decreasing more slowly as the end of the local 
scour hole was approached. Further downstream, in the general scour 
hole, the differences were insignificant. The spatial variation ex-
ists because the flow requires a {inite length of bed to erode suf-
ficient bed material to satisfy the transport capacity of the flow 
segments, as shown by the conceptual model in Chapter 3. 
Although the geometric properties of individual dune bedforms, 
downstream of the local scour hole, varied considerably (particularly 
wavelength), mean properties could be related deterministically to 
the flow properties. The various properties were also compared with 
formulae proposed by other researchers. The data forms a reasonable 
base for comparison with similar non- equilibrium situations with non-




NON-STEADY FLOW NON- EQUILIBRIUM TRANSPORT 
8 . 1 SYNOPSIS 
The response of a coarse alluvial bed is investigated, using 
the results of experimental measurements, for two different non-steady 
flow c_onditions; a step change between two steady flow states (SC 
series) and a triangular translation wave (NS series). The procedures 
adopted in carrying out these experiments are detailed in section 5.4. 
Specific aspects of the bedload and bedform response are discussed 
in detail while resistance and stage-discharge relationships are dealt 
with briefly. 
Using the comparison procedure (section 3 . 3), to relate steady 
and non- steady flow values of bedload transport rates and bedform 
properties, any differences in magnitude will be in addition to the 
non- equilibrium magnitude differences shown in the previous chapter. 
Details of the results are relegated to Appendix F. 
8.2 OBSERVATIONS 
As sediment was not added to the flow, a local scour hole dev-
eloped at the upstream end of the movable bed, after t = 0 in a sim-
ilar fashion to that of the steady flow experiments . However the scour 
hole was of a finite length after the passage of a triangular trans-
lation wave as critical base flow conditions were once again present 
at the end of the wave period. The fluid vortex system and the char-
acteristic grain motion in the local scour pit were similar to that 
described in section 7.2. 
Similarity of the nature of individual particle motions down-
stream of the scour pit between steady and non- steady flows was also 
observed . The introduction of coloured grains at the upstream end 
of the test reach showed that grain motion varied from short bursts 
to a series of long steps with short intermediate rest periods. Rol -
ling was also observed as the prevalent type of grain motion. 
For the experimental series with step changes, from one steady 
flow (approximately threshold conditions ) , to a higher one, where 
at t = 0 plane bed conditions were present, a transitional growth 
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of bedforms was observed initially. This observation contrasted with 
the situation at t = 0 for the steady flow non- equilibrium experiments, 
where the bedform configuration was fully developed at t = 0. The 
initial growth of the dune bedforms during the SC series occurred 
rapidly, soon after the step change in discharge. Dune heights in-
creased more rapidly than dune lengths. The growth rate slowed con-
siderably as the dune configuration presumably approached equili-
brium with the imposed flow . The first noticeable stage in the deve -
lopment of the dunes was the local congregation of groups of particles 
at various positions along the test reach downstream of the scour 
pit. These local concentrations of particles appeared to have a pos-
itive feedback response, thus promoting the continued growth of the 
mound of particles. These mounds quickly developed into dunes with 
a characteristic triangular shape. This is in line with Raudkivi's 
(1963) and Williams and Kemp's (1971) suggestions for mechanisms of 
bedform formation. The bedforms were two-dimensional extending across 
the flume width in the direction tranverse to the flow. A similar 
development of dunes was observed under a triangular translation wave, 
but at a slower rate, depending on the wave period and steepness. 
8.3 STEP CHANGE IN DISCHARGE (SC SERIES ) 
8.3.1 Introduction 
Nine runs with varying values of ~q, the step change in water 
discharge, were completed for two test reach lengths of 9.29 m and 
1. 74 m. The final discharge for each run, q0 ( = qc + l',q), was kept 
within experimental error, to the value of the discharge used during 
each of the corresponding steady flow runs . 
base flow). 
(q is the threshold 
C 
The system parameters monitor ed at various times during the 
whole run were; water level, water discharge, bedform dimensions, 
the mean bed profile including the maximum scour depth and the bed-
load transport rate. The maximum scour depth versus time relation 
was essentially the same as for the corresponding steady flow runs, 
even though the initial conditions, with regard to the water flow 
and sediment phases, were different. 
8.3.2 Bedload Transport Rates 
(1) Results 
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The results of the smoothed bedload transport rate time series, 
(section 5.6.3), and the comparable steady flow transport rate- time 
curves (section 3.3 . 3) are presented in Figures 8 . 1 and 8 . 2 f or three 
typical runs, representing the overall range at both reach lengths 
tested, 9.29 m and 1.74 m respectively . 
The different statistical techniques used to obtain the two 
curves in Figures 8.1 and 8.2 will now be reiterated. The monoton-
ically decreasing curve, representing the comparable steady flow non-
equilibrium transport rate, has been obtained at the points marked, 
from the output of the comparison procedure. The input transport 
rate data for this comparison procedure was obtained from averaged 
bedload transport rates (section 5.6.3) of the raw data for the steady 
flow non-equilibrium experiments. Thus the oscillations due to the 
bedforms have been damped out, as is usually the case for equilibrium 
transport experiments. 
T.he other oscillating curve represents the smoothed transport 
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rate for the step change in water discharge runs. The smoothed trans-
port rates were the output data from a centred moving average routine 
or digital filter, (see Appendix B} , where the phase length was (2m + 1) 
raw data points. The value of ( 2m + l ) was chosen arbitrarily for 
each run, {Kendall (1973 ) }, to smooth the minor oscillations suffici-
ently, but without loss of detail e.g. (2m+l ) was usually 11,13 or 
15 data points for higher values of tq and 15,17 or 19 for small val-
ues of 6q. The transport rate data was monitored at 30 second inter-
vals during the experiments, ther efore the phase length (2m+l) chosen 
was always less than a dune wavelength. For smoothing the measured 
data at either end of the record, lines thr ough the initial (m) and 
final (m) points have been approximated by straight lines, (Appendix 
B), in Figures 8.1 and 8.2, because strictly, a moving average is 
not defined in these regions. Therefore the error of fit will be 
greater than for the central cor e of the data . The linear approx-
imation is the reason why the smoothed tra nsport rate does not b e gin 
at the origin at t = 0, and a furthe r rea s on why a large phase length 
was not chosen. 
The sudden step change in discharge resulted in a transient 
* in the b edload response , which was define d by a t e mporal lag, t , 
* and a resulting magnitude deficit, tg , shown in Figure 8.l(b) and 
s 
8.2 (a). The temporal lag, t*, was the time delay between the change 
in discharge and the time when the actual bedload transport rate att-
ained the comparable steady flow value. The temporal lag is plotted 
against tq in Figure 8.3 for all the runs at both test reach lengths. 
The magnitude deficit, ~g* , was defined as the difference 
s 
between the comparable transport rate and the non-steady flow smoothed 
transport rate at the first local maximum. This aorresponded to the 
first dune bedform to enter the bedload collection zone and was indi -
cative of the response of the bedforms resulting from a step change 
in discharge. The magnitude deficit for each run is shown in Figure 
8.4 for both reach lengths. The trends exhibited by both curves in 
Figure 8.4 were repeated if the magnitude deficit was replaced by 
the bedload yield magnitude difference (GST - GSC), over the time 
interval t*, where GST is the steady flow comparable yield and GSC 
the non-steady flow measured bedload yield . Thus the effect of the 
164 
* smoothing technique on the trend of the ~g versus ~q curve was small. 
s 
The ratio (GST - GSC)/GST was approximately constant for each 
of the runs in a series, (constant reach length). The mean value 
of the ratio was 0.38 for the reach length of 9.29 m and 0.58 for 
the reach length of 1.74 m. 
(2) Discussion of Results 
An understanding of the response of the bedload, under the 
influence of a step change in discharge, is realised by comparing 
the actual transport rates with comparable steady flow non-equili-
brium transport rates. (Figures 8.1 and 8.2 . ) 
. * 
(a) Transient Phase (t~t) 
The transient phase is characterised by large differences bet-
ween the actual smoothed transport rate and the average comparable 
transport rate, with the latter always being larger. Since the match-
ing procedure (section 3 . 3 . 3) accounts for non- equilibrium effects, 
the differences in transport rate during the transient phase must 
be due to an inertial bed response effect and to changes in the 
friction slope, Sf, due to the difference between the underdeveloped 
bedforms and the established bedforms of the ST series. 
* Generally the temporal lag t, (the period of the transient 
phase), was the elapsed time for two bedforms to reach the bedload 
collector. The values oft* plotted against ~q in Figure 8.3, indi-
cate an inverse relationship, whereby the temporal lag decreases as 
the discharge step increases. For larger values of ~q, the curve 
may well approach an asymptote at a small finite time value. This 
suggests that a saturation level could be reached, say five minutes 
for the SC series described, where larger values of ~q would result 
in only minor changes in the temporal lag of the bedload, provided 
a different bedform regime was not entered, viz. transitional plane 
bed conditions . The temporal lag increases sharply for small values 
of ~q, because the change in applied bed shear stress is small, and 
therefore the pressure to conform to the new flow condition is much 
less. Moreover, the bedload transport, which is the mechanism by 
which the bed roughness is changed, is low for conditions just above 
the threshold level, therefore small perturbations in flow conditions 
will result in much longer response times . 
From the results of a theoretical model for dune modification 
under weakly periodically varying discharge, Freds~e(l979), similarly 
found that the time scale was increased significantly as the shear 
velocity approached the critical or threshold value. 
The magnitude deficit ~g*, increases as ~q increases, see 
s 
Figure 8.4. ~g: is a measure of the difference between the transport 
rates shown when the first non-steady flow dune r eaches the bedload 
collector. For all runs, except those with small ~q steps, this occ-
urred approximately 300 seconds after the imposed change in discharge. 
The dominant factor determining ~g* is thus the mismatch between the 
s 
zero transport before the change and the transport rate corresponding 
to the new imposed flow q. This mismatch increases much more rapid-
. 0 
ly than ~q, perhaps as (~q) 2 , and thus ~g: will increase rapidly with 
~q as shown in Figure 8.4. 
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For small values of ~q,dunes do not form so readily and thus 
the time at which ~g* occurs is much larger, in the limit, approaching 
s 
t*. Under these conditions ~g* is almost independent of ~q. This 
s 
effect is more noticeable at the reach length of 9.29 m than at 1.74 m. 
The differences which occur in ~g* between the two reach lengths is 
s 
further discussed under (c) below . 













10 Critica l Base Flow 
qc = 0.03 m3islm 
e XR : 9.29m 
X XR : 1.74m 
0 ~-.J...-_ _,__ _ _,__ _ _.___.....___....,______. 
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 
Step Change in Water Discharge, l:iq rm31s/m) 
FIGURE 8.3 Temporal lag of the transient phase 
versus liq 




qc = 0.03 m-1/slm ~ -*"' 0) 






:::, 0.15 -·-C: 
0, 
0 0.12 l: 
Cl, -0 0.09 Q:: 
-. l.. 






o I t~~ .. I I 
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 
Step Change in Water Discharge,fiq (m3/slm) 





* (b) Later Phase (t>t) 
Once the bedload transport rate and the bedforms have attained 
comparable steady flow values (not necessarily at the same time), 
conditions on the bed will be similar to the steady flow non- equili-
brium experiments. This is shown in Figures 8.l(a) and (b), where 
the actual bedload transport rate oscillates about the average steady 
flow comparable curve. The oscillations were due to the presence 
of bedforms, where the local maxima coincided approximately with the 
arrival of dune crests at the end of the test reach. 
The behaviour of the transport rate after the transient phase 
for the 1 . 74 m reach length (Figure 8 . 2) was of a different nature 
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to that of the 9.29 m reach length, because of the effect of the local 
scour hole. The transport rate at 1.74 m reached a peak value, hav-
ing previously attained the comparable transport rate . This peak 
coincided with the last dune to reach the sampling point . No further 
dunes were generated, as the local scour hole profile dominated the 
test reach. The transport rate thus decreased until the comparable 
transport rate was reached, from which time it oscillated weakly about 
the comparable transport rate curve . 
(c) Spatial Variations 
In the local scour hole, during the transient phase, for 
x < ·= . lm, the maximum scour depth at any time was approximately 
the same as that recorded during comparable steady flow non- equilib-
rium experiments (Figure 7.4). Thus a bed response effect, due to 
the non- steady step change in flow, does not appear to be present 
in the local scour hole, where the non-equilibrium bedload response 
is dominant. 
* Allowing for experimental scatter, the temporal lag t does 
not appear (Figure 8 . 3) to have a spatial variation along the test 
reach downstream of the local scour hole, x > "=. lm Thus the dev-
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elopment time required for the bedload transport to obtain the steady 
flow comparable rate, for any given step discharge, ~q, is independ-
ent of the distance downstream. 
The magnitude deficit ~g* however, exhibits a marked spatial 
s 
variation (Figure 8.4), for the higher values of ~q, for the two test 
reach lengths which were tested during the SC series. This magnitude 
deficit, between the comparable steady flow non- equilibrium transport 
rate and the measured non-equilibrium rate at the first local maximum, 
is additional to any def icit present due to the steady flow non- equili-
brium effect. * To gain an appreciation of the existence of ~g, and 
s 
possibly of its spatial variation, the conditions on the bed dur ing 
the initial stages of the steady flow and step change in discharge 
experiments must be contrasted. 
Initially, at t = 0- , for the SC series, critical base flow 
conditions were present on a plane bed with little or no movement 
of particles over the entire reach . When the flow rate was quickly 
changed by ~q to a new value q, the flow immediately acquired a much 
0 
higher transport capacity. + Therefore the situation at t = O was 
one in which the flow segments immediately began to entrain particles 
from the bed at all points, which were under the higher discharge, 
to begin to satisfy their transport capacity while further downstream 
critical conditions wer e still present. Thus the flow segments dur-
ing the initial stages of the transient period have a high erosive 
capacity, because they receive only a small portion of their trans-
port capacity from preceding flow segments. This is in a similar 
fashion to the conceptual model for the translation wave (section 
3.2.4), where changes in entrainment rate occur more slowly than im-
posed changes in discharge. 
+ This situation, at t = 0, must be constrasted with the corr-
esponding steady flow non- equilibrium case, where the dune bedforms 
are fully developed and the mean transport rate is close to the equ-
ilibrium rate, g . The sediment transfer . mechanisms are shown in 
se 
0 
the steady flow non-equilibrium conceptual model in Figure 3.7. 
The two contrasting states point to the reason for the exist-
ence of a magnitude deficit, 6g*, but the reasons for the spatial 
s 
variation of this deficit are not clear from the two reach lengths 
tested. What does emerge is the existence of two distinct regions 
the local scour hole which developed immediately downstream of the 
fixed apron at a rate similar to the steady flow local scour hole; 
and the reach downstream of the local scour hole where the develop-
ing bedforms are expected to play a dominant role in the delayed 
response of bedload, and possibly the spatial variation of 6g* . s 
The assumed spatial variation of the transport rate, and thus the 
magnitude deficit, is shown in Figure 8.5 for these two regions for 
* the largest 6q value tested, where 6g occurred at approximately five 
s 
minutes. The local scour hole profile (x ~ l . Om) was approximately 
169 
the same for both steady flow and step change in discharge experiments, 
at that time, therefore the transport rates are assumed to be similar 
by the sediment continuity equation. Hence the only deficit present 
is due to non-equilibrium effects 6g Immediately after the local 
s 
scour hole, the maximum non- steady flow deficit, 6g: , occurs in 
the vicinity of xR = 1.74 m, which is additional to the small deficit, 
~g, but is assumed to slowly decrease with distance downstream. 
s 
* It is expected that further downstream, ~g , will approach a non-
s 
zero constant for any given ~q value, because of the mismatch between 
the zero transport initial condition and the transport capacity assoc-
iated with q 0 • Whether or not this has been achieved at xR = 9.29 m 
is unknown. 
8.3.3 Bedforms 
It would appear, from the previous section, that for coarser 
bed material, viz. gravel, an inertial effect is present on the bed-
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8 
load transport rate. The inertia of the bed- material particles which 
prevents the bedload reacting instantaneously to the bed shear stress 
was suggested by Parker (l975) as one of the causes of antidunes. 
Obviously then, the behaviour of bedforms is intimately connected with 
the bedload transport (Figure 3.2) and so bedforms will play an im-
portant role in the overall response of the bed to non- steady flows. 
(1) Results 
The mean dune height at the end of the transient phase, was 
found to be close to the mean height obtained during the steady flow 
non- equilibrium runs. However, the mean dune wavelength, for each 
run at t = t*, was consistently below the comparable mean wavelength 
9 
in Figure 7.13 e.g. for SC0693, ~:c(t=t*) = 0.95 m compared with 
-ST 
)..d = 1.23 m. 
Knowledge of the geometric properties (~d,)..d) of dune bedforms 
before and after the transient phase, made it possible to calculate 
the minimum change in dune volume following the method of Gee (1975) . 
Consider the idealised triangular representation of a two dimensional 
dune bed shown in Figure 8.6, which is different from Gee's sinusoi-
dal representation. To transform the plane bed ( t=O ) into the dune 
profile at t = t*, the minimum volume of gravel which can have passed 
through section 121 per unit width in this time must be 
. . . (8 .1 ) 
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The minimum volume per unit width passing section 111 in the same time 
must be zero. Thus the average bulk volume of gravel passing through 
any section is (~d)._d/16), which is dependent in reality on the mean 
size of the dune configuration. As the bedload transport is a neces-
sary condition for the alteration of the bed profile, Gee (1975) re-
lated the change in dune volume over a transition, resulting from 
a step change in discharge, to the actual bulk transport volume (V) 
s 
during the transition. The results for a reach length of 9.29 mare 
presented in Figure 8.7. 
(2) Discussion of Results 
The initial rapid growth of dunes from a plane bed profile, 
following a step change in discharge, has already been mentioned in 
section 8.2. The results of the measured geometric properties at the 
* end of the bedload transient phase (t=t) suggest that changes in 
dune height occur more readily than changes in wavelength when a 
sediment bed is subjected to a sudden change in flow. This obser-
vation has also been noted by Freds~e (1979 ) and Allen (1976b). The 
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growth seems to be indicative of an exponential relationship, similar 
to the erosion of sediment under steady flow non- equilibrium condit-
ions with distance x downstream (section 7 . 4.3). Thus the relation-
ship is likely to be of the form suggested by Allen (l976b) 




~ /',.d ~ /',.d and /',.dis the steady flow comparable value of 
dune height, /',.d 
0 
eous dune height 
is the initial dune height and t:,.d,Cd the ins tantan-
and bedform celerity respectively. 
The plot of the minimum change in dune volume versus bedload 
transport volume V, Figure 8.7, yields a definite relationship bet-
s 
ween the two quantities. The experimental data plot along a curve, 
where for larger step changes in discharge, the change in dune vol -
ume becomes less dependent on the transport rate . This is evident 
by the steeper slope of the curve as V increases and is contrary to 
s 
the linear relationship found by Gee (1975) for sand bed materials. 
Allen (1976b) critic ised Gee's correlation between the change in dune 
volume and the transport volume . Although he agree d with the necess-
ary condition that change is d e pende nt on the pre sence of sediment 
transport, Allen suggested that Gee's analysis needed an extra para-
meter to represent the net tendency for the system to move in acer-
tain direction, similar to the proportionality 8.2. This net tenden-
cy towards change in the system can be represented approximately by 
the ratio of dune heights before and after the transient phase, ass -
uming the wavelength is constant. The modified proportionality 
given by 
(8. 3) 
was investigated as shown plotted in Figure 8.7, where 0 50 is repre-
sentative of the bed profile undulations at t = 0 . This relationship 
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proved to be linear except for small changes in dune volume where the 
dune height was of the order of 2 0 50 . This data suggests that the 
correlation between the two parameters in (8.3) more adequately des-
cribes the change in bedform profile in a linear form, than does the 
correlation of Gee (1975) . 
The ratio of transported bedload volume V to minimum change 
s 
in dune volume ranges from 6.9 to 14.1 as the step change in discharge 
decreases. Thus for the largest values of 6q, where the net tendency 
towards change in dune volume is greatest, a higher proportion of the 
bedload transport yield is used to increase the storage capacity of 
the dunes during the period of growth. This is also another reason 
why the magnitude deficit 6g* (Figure 8.4), at any one point, increa-
s 
ses with increasing 6q. The range of the ratio of transported vol -
ume to change in dune volume is below the value of 20 obtained by 
Gee (1975) for his Type 2 transitions (i .e. plane bed to dune bed) . 
However, the bedload transition time for the SC series is shorter 
than the bedform transition time, with regard to dune wavelength, 
and would thus effect the comparison of the ratios. 
8.3 .4 Coloured Grain Experiments 
(1) Results 
The procedure for these experiments, where a number (140) of 
fluorescent sediment grains were placed near the upstream end of the 
erodible reach, was discussed in section 5.4.5. The spatial distri -
bution of coloured grains at the end of some of the reruns of the 
SC-- 93 series (reach length 9.29 m) are shown in Figure 8.8 . 
(2) Discussion of Results 
The spatial distribution of fluorescent particles (Figure 8.8) 
leads to a confirmation in the understanding of the response of in-
dividual grains and hence the bedload to sudden changes in discharge. 
The results for the smaller step changes in discharge shown, 
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Run No. I Duration Retrieval Rate 
(min) ( 1/. ) 
• SC0293 55 100 100 - D SC0493 50 100 V) •01 
Cl, ID SC0693 26 95 -(J ·- t:::. SC0793 22 100 -~ 
& 80 - V SC0893 23 98.5 - 0 SC0993 22 102 C: D1 ......__ 
Cl, • NOTE:-(J 
~ 60 • Dn = Dune N° from upstream end 
~ x coords are mean va lu es over 0 
::, dune leng th - D1 ll. 
A At 1 =0 N° of groin s al x = 0.05m = 140 
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FIGURE 8.8 Spatial distribution o f fluo rescent particles for the SC series I-' -..J 
u, 
SC0293 and SC0493, possess a more uniform spread of gravel particles 
throughout the test reach than for the runs with higher values of 
~q, however, for Run SC0293, 43% of the coloured grains remained at 
the section where they were placed initially. For these two runs, 
particularly SC0293, the dunes on the bed were small or non- exist-
ent, so essentially plane bed conditions existed. Therefore indivi-
dual particle movements, which occurred as a series of steps and rest 
periods, could proceed downstream unhindered by bedforms. 
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For the higher discharge changes, when dunes became a more 
dominant feature of the bed profile downstream of the local scour hole, 
the spatial distribution was weighted towards the upstream end . Few 
of the coloured particles reached the end of the test reach, usually 
during the first few minutes, and the remainder were found trapped 
in the first few dunes after the local scour hole. Thus the bulk 
of the bedload particles received a t the downstream end of the reach 
must have been entrained from the bed in the vicinity of the down-
stream end of the test reach, rather than supplied from the upstream 
local scour hole. This result confirms the importance of the bedform 
behaviour on the bedload response to non- steady flows, in both the 
spatial a nd temporal domains, particularly for the higher values of 
~q where the mismatch between threshold conditions and the new trans-
port capacity is greater . 
8.4 TRIANGULAR TRANSLATION WAVES (NS SERIES} 
8.4.1 Introduction 
Symmetrical triangular translation waves were used so as to 
simplify the interpretation of the non-steady effects . Eight hydro-
graphs, (Figure 5.2), were routed through the flume for five different 
reach lengths . The results of these runs are presented below with 
the exception of runs NS0753, NS0553 and NS0535, where the accumu-
lated bedload weight- time records were influenced by drift produced 
by the electronic circuit of the bedload collector. Additional wave 
forms (Figure 5.3a ) and a half wave followed by an extended period 
of the peak flow rate were also studied (Figure 5 . 3b) . 
8 . 4 . 2 Maximum Local Scour Depth 
( 1 ) Results 
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A steady water discharge q~ which produces the same maximum 
scour depth in the same time as the wave period can be defined. These 
values of qds were obtained from a graph of d versus qds using the 
max 
data from the ST--53 series (Figure 7.4 ) , with time as the third var -
iable. It is irrelevant as to which ST series is used for the max-
imum scour depth- time relation, as approximately equal maximum scour 
depths were obtained for the same flow rate, over each of the reach 
lengths . 
. - NS 
The value of the mean wave water discharge qd was computed 
using 
T 
Tl f = q (t )dt ... (8.4 ) 
0 
where q(t) is the relevant hydrograph function and T i s the wave 
period. The result s are p r esented in Table 8 . 1. 
TABLE 8.1 
Run No. T 
Steady Discharges Required to Give the Same 
Maximum Scour Depth 
d (T) 
_NS s _NS/ S 
qd qd qd qd 
(min) 
max 
( mm) (m3/s/m) (m3 /s/m) 
NS2893 (skew) 70 30 . 0 . 095 .1045 .91 
NS0893 120 36.7 . 095 .105 .90 
06 80 33.8 .095 .1075 .88 
04 40 27.9 .095 . 1065 . 89 
02 20 22.0 .095 . 1045 .91 
07 120 21. 3 . 065 .075 .87 
05 80 16.1 . 065 .070 . 93 
03 40 12.5 .065 . 069 . 94 
NS0193 20 11. 7 . 070 . 072 .97 
-NS S 
The mean value of the discharge ratio ( qd /qd) was 0. 91. Al though 
the maximum scour depth for the translation wave was taken at the end 
of the wave period, scouring of the bed in the scour pit effectively 
ceased, on average, at t = 0.65T on the falling limb of the symmet-
rical waves. This was the result of an oversized local scour pit, 
for the discharges occurring fort greater than . 65T, such that con-
ditions below the threshold level existed at the base of the scour 
h 1 h . ( _NS/ S) . o e. However, t e ratios of qd qd t' where the base time was 
changed to 0.65T for both water discharges, were found to have the 
same magnitudes ±.02 as those shown in the final column of Table 8.1. 
(2) Discussion of Results 
The maximum local scour hole depth is a function of the time 
history of flow for a translation wave and therefore it cannot be 
calculated by a steady flow relationship similar to equation 7.1. 
This is because the constants a',b' of a similar relation for a tran-
slation wave would be functions of the wave parameters. However, 
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the maximum scour depth obtained at the end of the wave period could 
be related to a steady flow discharge q! which produced the same scour 
depth in the same time as the wave. The results of Table 8.1 show 
that a trend towards a slightly higher discharge ratio is apparent 
for the waves with the smaller peak discharge, q . Despite this, 
· lllaX 
an estimate of the maximum scour depth for each wave could be calcu-
lated by virtue of the approximately constant mean value . 
0.91 . . . (8 . 5) 
Knowing the wave period, t = T, and q:8 , the value of q! is obtained 
from equation (8.5). 
s 
Substitution of q = qd and t =Tinto the rel -
ation d = fn(q,t) shown in Figure 7.4, yields the approximate max-
max 
imum scour depth for the wave. 
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The small differences in the discharge ratio (shown in Table 
8.1) for different wave steepnesses, given a particular peak discharge, 
particularly the highest q value (even numbered waves), suggest 
,nax 
that a non- steady flow bed response effect is not significant in the 
local scour pit region, taken over the total wave period. This res -
ult is consistent with the observations noted for the maximum scour 
depth during the SC series, where the maximum scour depth- time develop-
ment was approximately the same as for the steady flow non-equilibrium 
experiments. 
8.4.3 Bedload Transport Rates and Yields - Temporal Variations 
(1) Results 
The variations in transport rate with time are illustrated in 
Figure 8.9, which is a series of plots for each of the eight triang-
ular waves of the control series at a reach length of 9.29 m. Res -
ults for other reach lengths are discussed below in 8.4.4. It exhib-
its the relationship between the measured bedload transport rates 
smoothed by a centred moving average routine (section 5 . 6.3) and the 
comparable steady flow non-equilibrium rates obtained for several 
points on the wave hydrograph using the comparison procedure, which 
was developed in section 3 .3.4. 
Similar plots for the r ising limb of NS1093 (T = 4 hours) and 
the skew- triangular wave NS2893 (T = 70 min.) are shown in Figure 
8.10. Figure 8 . 11 shows the bedload transport results from LC0293 
where the cha nge in water discharge, from the base flow, qc to the 
peak wave discharge ~ax' 
was linear (i. e. same as the rising limb 
of NS0293), followed by a sustained period at the constant peak 
discharge. 
The actual measured transport rate, before the moving aver-
age smoothing technique was applied, was highly oscillatory in nat-
ure, particularly for the waves with the maximum peak discharge 
-,~x = 0.16 m3/s/m). See Figure B.l in Appendix B. The reason, 
as cited previously, was due to the presence of bedforms, whose shape 
and celerity varied considerably with the rise and fall of the flow. 
The use of a gravel size bed material, proved to be a slight 
disadvantage, when the bedload yield under the wave, particularly for 
the short period waves, consisted of only a few bedforms. This res-
ulted in a greater chance of variability when investigating trends 
between various translation wave runs. Repeatibility tests for the 
bedload yield under waves NS0493, NS0693 and NS0893 furnished differ-
ences of 6 %, 15% and 2% respectively. 
If the partial differential equations governing the continuity 
of water and sediment are normalised with respect to appropriate ref-
erence parameters, then the resulting coefficients are dimensionless 
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= Strouhal Number 
= Bedload Yield Number 
Suitable forms of these parameters for the triangular translation 




( 8. 10) 
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where u*b(max) and y are the wave peak values of the bed shear vel -
max 
o c ity and the water depth respectively and GNS is the total wave 
bedload yield. 
The Strouhal Number is plotted against the bedload yield num-
ber in Figure 8.12a for the eight symmetrical waves and the skew tri -
a ngular wave NS2893. The data of Griffiths (1976), from the bedload 
yields of six triangular waves routed over a test r e ach of 8.9 m, 
are also presented in Figure 8 . 12a. However the data plotted in 
Figure 8 . 12a revealed that a third dimensionless 
was needed, where ~ax and qc are the wave peak 
Variable, ["::x ] 
and threshold base 
flows respectively. The threshold base flow rate (q) of Griffith's 
C 
experiments was altered to correspond with the same dimensionless 
erosion rate, N, (Figure 6.1), as for the present series. 
By assuming straight line fits to the data for each ["::4value, 
t he f ollowing r elation results 
(8 .11) 
where b = 0.89. The introduction of the third variable, [~ax] • t -- , ln 0 
qc 
equation 8 . 11 leads to 
= .. . (8 .12 ) 
The values of b' and a were f ound to be - 2.60 and 2.0 x 10 3 respect-
ively. The relation 
2.60 
[~x] -
is plotted in Figure 8.12b. 
2xlo3 0 . 89 Gy ••• (8.13) 
From the areas under each of the triangular waves in Figure 
8.9 and their corresponding comparable steady flow non- equilibrium 






g (comparable steady flow) dt 
s 
f gs (measured non- steady flow)dt 
0 
... (8.14 ) 
The parameter G;T is a pseudo "bedload yield", which would have been 
the bedload yield of the translation wave if the bedload could res -
pond perfectly to the changing flow conditions. 
The best correlation of the ratio (G;T/GNS) with the wave 
characteristics' was obtained using a modified Strauhal Number, 
2 (y /o T) where y is the threshold base flow .water depth. The 
C 7na.X C 
results are presented in Figure 8.13. 
(2) Discussion of Results 
General observations can be made concerning non- steady flow 
non- equilibrium transport, for the specific case of a triangular 
translation wave, by referring to Figures 8.9, 8.10 and 8.11. 
(a) The measured bedload transport hydrographs all have the 
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parable transport rate curve. This curved shape is the result of the 
power correlation between the flow rate, which varied linearly, and 
the bedload transport rate. 
(b) Figure 8.9 reveals that differences occur between the 
steady flow comparable transport rates and the measured non- steady 
flow transport rates for the rising limb of each wave. The faster 
rising waves are associated with greater proportionate differences 
than the longer period waves for the same peak discharge. This 
deficit in magnitude is additional to the deficit arising from the 
non-equilibrium effect. That this must be so is by virtue of the 
non- equilibrium comparison procedure. Thus a bed response (or iner-
tial ) effect* is apparent from the results where the rate of change 
with time of the water discharge, and hence the transport capacity , 
exceeds the rate at which the bedload can respond. The response 
effect is more severe when the discharge is changing more rapidly, 
given the same peak discharge. These observations confirm those of 
Griffiths (1976) and Sutherland and Griffiths (1975) for triangular 
waves under non - equilibrium conditions where the sediment input to 
the test reach was zero. 
The results for the rising limb of wave NS1093 in Figure 8.10, 
s how that the bed response effect was small for slowly rising waves, 
(T = 4 hours). 
The magnitude difference meant there was necessarily a finite 
time (or temporal lag) between a change in water discharge (transport 
capacity) and the attainment of the bedload transport rate appro-
priate to the new instantaneous discharge at a particular location. 
The cumulative effect of this temporal lag is shown in Figure 8.11, 
where the peak discharge was maintained after the rising limb of the 
wave. The temporal** lag t* , for this example was 3 minutes, which 
*(includes differences in comparable friction slope values, Sf) 
**defined as the elapsed time between the last change in discharge 
and the attainment of the steady flow comparable transport rate. 
is understandably less than the temporal lag associated with a step 
change in discharge up to the same peak flow rate q • 
-max 
(c) The peak value of the measured non- steady flow transport 
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rate occurred in the vicinity of the peak water discharge . The peak 
transport rates for waves NS0193 and NS0393 preceded the peak wave 
discharge, for waves NS0293 and NS0693 it coincided and for the re-
maining waves it occurred after the wave peak. The bedload transport 
under each wave near the peak discharge was comprised of moving bed-
forms; which required a finite time to travel a distance equal to 
their wavelength. Thus, a bedform could conceivably arrive at the 
bedload collector slightly before or after the wave peak. 
However another effect is also discernable, by comparing waves 
NS0293 (Figure 8.9b), NS2893 (Figure 8.10) and LC0293 (Figure 8.11), 
which all have the same rising limb steepness and peak discharge, but 
have differing falling limb characteristics. The peak transport rate 
values occurred at~, 6, 4½ minutes after the peak discharge respect-
ively. The shortest elapsed time between the peak discharge and the 
maximum transport rate occurs for wave NS0293, because the bedforms 
and thus the bedload transport rate have not had sufficient time to 
develop fully, during the period in the vicinity of the wave peak , 
before the imposition of a rapidly falling stage. For the other 
extreme case, wave LC0293, there is . no restraint on the time avail-
able for the bedload transport rate to respond fully to the peak flow 
rate. For wave NS2893 (Figure 8.10), the maximum transport rate oc-
curred after the longest elapsed time, because firstly: a longer 
period near the peak discharge is available for the transport rate 
to build up than for wave NS0293, and secondly : the discharge is 
slowly decreasing on the falling limb as distinct from the constant 
peak discharge for LC0293 . Therefore the transport rate near the 
wave peak of the skew triangular wave NS2893, is less than that of 
wave LC0293, because of the decreasing discharge, and thus perturb-
ations on the bed will travel more slowly as evident by the longer 
elapsed time value .. 
(d ) Wave NS2893 is composed of the rising limb of NS0293 and 
the falling limb of NS0893 . As the loeal mean transport rate at the 
wave peak of NS0293 and NS0893 separately is different because of thz 
bed response effect, the principle of superposition will not apply 
when combining the halves of any two different waves to form a skew 
t r iangular wave, provided a bed response effect is present for at 
least one half. The g r eatest mismatch, in respect of the principle 
of superposition, will be wave LC0293 for the waves tested, where 
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a fast rising wave during the first period i s followed by a sustaine d 
steady flo w. 
(e) The differences in magnitude between the measured and com-
parable transport rates for the falling limb are generally less than 
those obtained for the rising limb of the same wave. This is shown 
by inference in Table 8.2 by comparing the bedload yields for each 
half of each of the waves. Larger bedload yields in the latter half 
imply smaller transport rate differences on the falling limb , the more 
so, if the area under the comparable transport rate curve is smaller 
on the falling l i mb than the ri s ing limb . The s lightl y a symme t rical 
shape of the comparable steady flow transport rate curve is due to 
the reducing effect on the transport rate of the general scour hole, 
when it occupies the entire test reach. 
This comparison between the bedload yields on the rising and 
falling limbs is however, influenced by the time at which the peak 
transport rate occurred, whether before or after the wave peak. 
Comparing the magnitude deficit between the comparable and 
non- steady flow transport rates of the various waves, solely on the 
falling limb (Figure 8 . 9 ) , once again the differences are generally 
more severe for the faster falling waves of the same peak discharge. 
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'fABLE 8 . 2 Wave Bedload Yields for the Rising and Falling Limbs 
WAVE 0~ t ~ T/2 T/2< t ~T 
NO. 
G;T (N/m) GNS(N/m) G;T(N/m) GNS (N/m) 
NS0893 520 470 494 474 
NS0693 346 266 345 313 
NS0493 175 104 174 196 
NS0293 88 65 88 61 
NS0793 141 87 126 119 
NS0593 96 69 94 76 
NS0393 50 36 48 44 
NS0193 33 27 32 20 
lation wave is represented in Figure 8.12b, along with the data of 
Griffiths (1976). This plot is not intended to represent a sediment 
yield formula, but to show the difficulties associated with the add -
itional complexity of a non - steady flow, where an additional dimen-
s ionless parameter(~ax) (Figure 8 . 12a) was needed to define the bed-
load yield besides the Strauhal Number . Variations about the lines 
(~axJ of constant and the single line in Figure 8.12b were influenced 
mainly by the stochastic nature of the few bedforms which made up the 
bedload yield. 
(g) The ratio of the comparable steady flow and non- steady flow 
bedload yield, shown in Figure 8.13, was plotted against a form of 
2 
the Strauhal Number, y /q T. Various forms of the Strauhal Number 
C !llaX 
were used to find the best fit with the bedload yield ratio. Griffiths 
(1976) found good agreement with a percentage difference between the 
measured and comparable yields using the form of Strauhal Number, 
yc/u*b(max)T. However the results of the NS series revealed a ten -
dency for the waves with the smaller peak discharge (q = 0.10 m3/s/m) 
!llaX 
to have greater proportionate differences in bedload yield than the 
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the form used by Griffiths. Thus the form used in Figure 8.13 appear -
ed to compensate more for the stronger effect of the wave character-
].  Stl.° C r~qCX) . The plot shows a reasonable trend through the data, 
where the faster rising waves, given the same peak discharge, q , 
111ax 
are associated with greater ratios of bedload yield between measured 
non- steady flow and comparable steady flow conditions. 
8.4.4 Bedload Transport Rates and Yields - Spatial Variations 
(1) Results 
The translation wave series described in the previous section 
for a test reach length of 9.29 m was repeated for four shorter test 
reach lengths. Thus the sampling point was effectively moved upstream, 
further into the scour hole which forms. The results for one of these 
waves, No . 2, are shown in Figure 8 . 14 for four different positions 
within the control test reach. 
The bedload yield data could be presented in a similar manner 
t o the results for the maximum scour hole depth at the end of the 
wave period. For any time t~T, an equivalent steady flow discharge, 
ST 
q , whic h yielded the same bedload in the same time t as did the 
be 
wa ve could'' defined. A graph of the actual s t eady flow bedl oad y i e l d , 
ST . f GST' versus q with time as the third variable was plotted, or a 
particular reach length from the results of the steady flow non- equi -
librium experiments . Each value oft and thus a non - steady flow bed-
load yield 
t 
GNS = f g:s(t )dt 
0 
implied a value of qST by virtue of the equivalence of GNS and GST. 
-NS ST h f th A ratio was formed between q and q where t e armer was e mean 
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qNS = ~ f q (t)dt 
0 
The results of this analysis are shown in Table 8.3 for two contrast-
ing reach lengths, 9.29 m and 1.74 m. 
2 
The relationship between the Strouhal Number y /q T and the 
c "Inax 
ratio of the psuedo comparable bedload yield to the measured non-
steady flow bedload yield (G;T/GNS ) was extended from Figure 8.13 to 
the other four reach lengths in Figure 8.15. 
(2) Discussion of Results 
(a ) Clearly a spatial variation exists (Figure 8 . 14) for the 
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magni tude differences between comparable steady flow and measured non-
steady flow transport rates , given the same wave characteristics. 
As the bedload sampling point is effectively moved further downstr eam 
of the local scour hole, the magnitude differences decrease, being 
a maximum for the reach lengths shown , at xR = 1.74 m, which is imm-
ediately downstream of the local scour hole. This suggests that the 
translation wave is continually filling with sediment a s it progress-
es downstream, until it is assumed to reach a sta ge whe re the deficit 
between the comparable steady flow and wave bedload yields i s constant , 
where the bedload response continues to lag changes in discharge . 
This spatial variation was similarly noted for the series of runs 
where the system was subject to step changes in discharge (Figures 
8.4 and 8.5 ) . It is important to realise that the d e ficit is not due 
to non- equilibrium effects but to non-steady flow effects, as the 
steady flow comparable transport hydrograph, was derived froms:eady 
flow non- equilibrium e xper iment s at the same section. 
The reasons for the existence of a magnitude deficit, due to 
the non-steady flow component can be explained in a diagrammatic form 
by reference to the non- steady flow conceptual model (Figure 3 . 8). 
Although the model was limited to understanding the particle motion 
on a plane bed, the net effect on the bedload movement over one bed-
form length will be similar as shown for steady flow equilibrium tran-
sport (section 3.2 . 2). In other words, as the entrainment of sedi-
ment particles will fall behind the change in transport capacity for 
plane bed conditions, so also will the entrainment of particles in 
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a bedform system and therefore the size of the bedform will lag be-
hind correspondingly. From the conceptual model, a flow segment rec -
eives fewer particles in transport from the preceding flow segment 
than it would if the flow was steady. However, the r easons for the 
spatial variation are not obvious and can only be tentatively proposed. 
From the significant transport rate deficit e xhibited by Wave 
NS0217, shown in Figure 8.14, it would appear that downstream of the 
local scour hole, the entrainment rate of particles by a flow segment 
starts well behind the steady flow non- equilibrium entrainment rate, 
for steep waves . With step changes in discharge from threshold con-
ditions (Section 8.3.2), it was the region immediately downstream 
of the local scour hole from which the flow must re - derive its bedload 
from the bed. This occurs since the bed material eroded from the 
initial section of the test reach, travels much slower than the pro-
pagation cel erity of the f low segment . 
With distance downstream, the entrainment rate increases rel-
ative to the steady flow non-equilibrium comparable entrainment rate . 
This can be seen in Table 8.3 by comparing corresponding discharge 
. - NS/ ST) ratios, (q q for the reach lengths tabulated. The equivalent 
steady flow discharge qsT, which yields the same bedload quantity, 
is generally lower, shown by a higher value of the ratio, at the wave 
period fractions shown for xR = 1.74 m than for xR = 9 . 29 m. For 
ST _NS ST - NS 
xR = 9.29 m,q >q and for xR = l.74m,q <q The difference in 
ratio between the two reach lengths is again more noticeable for the 
steep translation waves. The mean value of the discharge ratio at 
























TABLE 8.3 Ratio of Average Wave Discharge to a Steady 
Discharge which Produces the same Bedload 
Yield as the Wave. 
-NS/ ST q q 
0 - .25T 0 - .ST 0 - . 75T 0 - LOT 
Reach Length= 9.29 m 
.98 .85 
1.11 .88 .91 .88 
1.11 .91 . 94 .91 
1.09 1.00 . 92 .90 
. 95 .94 .98 .95 
1.02 1.08 1.02 .99 
.97 1.03 1.03 .99 
1. 00 1.01 1.02 1. 01 
.96 .95 1.01 .99 
+ mean value = 0.96 -+ 
.90 (t=l0min .89 
=.14T) 
Reach Length= 1. 74 m 
1.23 .94 .99 .88 
1.21 .99 1.01 .93 
1.14 1.13 1.05 . 97 
1.12 1.10 1.22 1.18 
1.06 1.11 1.03 . 99 
1.18 1.09 1.05 
1.13 1.20 1.16 
1.15 1. 22 1.19 
+ mean value = 1.08 -+ 
1. 09 (t=lO min .89 
=.14T) 
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was close to the value of 0.95 obtained by Griffiths and Sutherland 
(1977) for xR = 8.9 m. The mean value for xR = 1.74 m was 1.08. Thus 
there is clear evidence that a spatial variation of the non- steady 
flow transport rate deficit does exist, downstream of the local scour 
hole, for the steep translation waves tested. 
As clear water moves from a fixed bed to an alluvial bed, the 
actual transport rate, at any time during a translation wave, incr-
eases from zero with distance downstream, due to the non-equilibrium 
effect. Further downstream the transport rate will reach a maximum 
value and then decrease with distance as the leading edge of the 
wave is approached. Also at any location within the general scour 
hole, the transport rate will decrease for corresponding points on 
the rising and falling limb, as the scour hole deepens. Therefore 
the shapes of the non-steady flow bedload transport rate hydrographs 
will deviate increasingly from a symmetrical curved triangular shape, 
as the sampling point is moved upstream towards the local scour pit, 
and the wave period is increased. (see Appendix F.) 
(b) As the bedload sampling point was effectively moved up-
stream into the local scour pit region, viz. xR = 0.74 m, the differ-
ences in magnitude between comparable a nd measured transport rates 
became less than those obtained for the four longer test reaches. 
In this local scour region, a different flow phenomenon is encountered 
viz. the fluid vortex system, than that which exists further down-
stream where the bedforms appear to govern the response of the bedload 
transport rate. The contrast between the two flow phenomena was also 
evident in the original bedload transport rate time series before 
smoothing, where the trace at xR = 0.74 m possessed much smaller 
oscillation amplitudes than the traces for the sampling points further 
downstream, see Appendix B. 
(c) The ratio of the psuedo bedload yield under the steady 
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3.0 
wave, shown in Figure 8.15, quantifies the spatial variation of the 
overall deficit in the transport rates between the two flow condit-
ions. The ratio G;T/GNS is a function of the Strouhal Number, 
(y2/q T), which represents the translation wave characteristics, 
c -max 
with the third parameter being the test reach length. Although the 
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data scatter is considerable about the regression* lines shown in Fig-
ure 8.15, nevertheless, a trend with the Strouhal Number is evident. 
For low values of the Strouhal Number, say (y2/q T)<l0- 5 , the spa-
c .nax 
tial variation o f the bedload yield ratio is small. As the Strouhal 
Number increases, the spatial variation of the bedload yield ratio 
also increases as the r egression lines d i verge . This t r end conf i r ms 
the result that the spatial variation of the bed response effect 
becomes more severe for short period, fast rising waves under non- eq-
uilibrium conditions, provided the point of interest is located down-
str eam of the local scour hole . This is analogous to the case for 
step changes in discharge where the spatial variation of the bed res-
ponse e f fect is mor e sever e fo r large va lues of ~q, when the mismatch 
between sediment transport and flow conditions was greatest. Similar-
ly, the small spatial variation of the bed response for small values 
of ~q i s analogous to the case f o r t ran s l at i on waves wi t h s ma ll val-
ues of the Strouhal Number. 
The different characteristic flow phenomenon in the local scour 
hole is clearly demonstrated in Figure 8.15, by the negative sloping 
line for xR = 0.74 m. 
(d) Downstream of the general scour hole profile, xR>>9.29 m, 
the bed is expected to behave in a state of "dynamic" equilibrium 
during the passage of a translation wave, with respect to conditions 
before and after the wave. The behaviour of the bed during a wave 
passage is expect to be a lowering of the mean bed elevation by de-
*the mean correlation coefficient for the four positive sloping re-
gression lines was 0.88 
gradation during the rising limb, followed by a return to approxim-
ately the initial mean bed elevation by deposition on the falling 
limb. The term "dynamic" equilibrium does not necessarily imply that 
the instantaneous transport rate, under a particular point on the 
wave, is equal to the equilibrium capacity for that flow segment . 
Indeed, it is expected that for particularly steep waves, there will 
be a continual temporal lag between changes in flow rate and corres -
ponding changes in bedload transportation . Corroboration for this 
argument can be gained from the experiments of step changes in dis -
charge for the SC- - 93 series, where a magnitude deficit in transport 
rate was evident initially, before the general scour hole had occu-
pied the 9.29 m test reach. This deficit in instantaneous transport 
rates under a steep wave, if present approximately symmetrically for 
both rising and falling limbs, will still lead to a net equilibrium 
condition over the entire period of the wave, such that the bed re-
turns to approximately the same mean bed level, provided the general 
scour hole has not reached that point. 
8.4.5 Bedforms - Temporal Variations 
(1) Results 
Because the bedload response is intimately connected with the 
bedforms present on the bed downstream of the local scour hole, the 
development of the dunes was investigated by repeating runs with the 
four translation waves where q = .16 m3/s/m. The bed profile was 
illax 
measured, using the ultrasonic probe, at the dune trough and crest 
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regions, rather than at pre- selected stations as done previously; 
compare Figure 8.19 with Figure 7 . 6 . The mean dune heights and wave-
lengths along the test reach* (xR = 9.29 m) at various stages of the 
triangular translation waves are shown in Figure 8.16. The non- steady 
flow mean dune heights are matched with the corresponding steady flow 
* the mean was taken over at least 5 bedforms along the test reach 
( a J 
(Fig 7.13) 
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comparable bedform heights obtained in a similar manner to the trans-
port rate comparison procedure used to derive comparable steady flow 
transport rates. The steady flow comparable dune height is the mean 
height that the dune configuration would possess, if at all times, 
the individual bedforms could respond perfectly to the changing flow 
conditions. The mean wavelength for the dune configuration is matched 
with the mean wavelength obtained from the steady flow experiments 
shown in Figure 7 . l3 . 
If time is eliminated between the variation of water dis -
charge (independent variable) and the dune height (dependent variable) 
with time, a r ating loop curve o r phase diagram can be formed {Al len 
(1976 a)}. Phase diagrams for three of the translation waves are 
shown in Figure 8 . 17 . The phase diagram for wave NS0693 was omitted 
for clarity. The relative ratio of the area within each loop to the 
area of an escribed rectangle around the loop, defined by q = qc and 
~ax and ~d = ~d and 0 50 was calculated . Allen (1976a), using 
max 
a doubly simple-harmonic theoretical model, (elliptical loop), rel -
ated mathematically the relative area ratio to an equivalent phase 
difference or lag, o. The approximate phase lag has been determined 
for each of the dune he ight- discharge loops and is shown in Table 8 . 4 . 
TABLE 8.4 Phase Lags for Non- Steady Flow Dune Response 
Wave Relative Area Ratio Phase Lago (rad.) 
(~0.5TT) 
NS0893 .26 0.l0TT 
NS0693 .35 0.14TT 
NS0493 . 44 0 . 19TT 
NS0293 .58 0.27TT 
The celerity of a few chosen dune bedforms was monitored at 
several stages during the passage of wave NS0493 . The results are 
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plotted with data from the steady flow non- equilibrium experiments 
in Figure 8.18. 
(2) Discussion of Results 
(a) Dune Height (~al 
Figure 8.16 shows that the initial appearance of the dune bed-
forms during the rising limb of the wave occurred at a later time 
than the comparable steady flow bedforms. From that time onwards to 
the wave peak, the bedform height was always less in magnitude than 
the corresponding steady flow comparable dune height at any particu-
lar time . These differences were more severe for the faster rising 
waves. This effect describes an imperfect adjustment with the chang-
ing flow conditions, where the dune configuration carries foward in 
time the height dimensions of its past history. This effect is en-
tirely in accord with those noted in regard to transport rates in 
section 8.4.3 . Because the bedload transport is the means whereby 
transfer of bed material is accomplished, and hence the moulding of 
bedforms, a reduction in magnitude of the transport rate from the 
comparable transport rate will lead to a slower rate of change of the 
bedform volume. Thus the dune height will also be less than the 
comparable steady flow dune height . 
The peak dune height occurred at or just after the peak wave 
discharge (Figure 8.16). This observation was also made, concerning 
triangular translation waves, by Griffiths (1976) and Jensen (1973). 
On the falling limb a deficit between measured and comparable 
dune heights persisted after the wave peak for all the waves, except 
NS0893, until the point where the actual and comparable curves cros-
sed. A comparison of the magnitude of the slopes for the non- steady 
flow mean dune height curves on the rising and falling limb of each 
wave (Figure 8.16 a,b,c), indicates a greater resistance to change 
(flatter slope) in the destruction process than for dune development. 
This difference between these two processes was reported by Gee 
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(1975) in a similar situation. He found that the dune destruction 
process, associated with a step increase in discharge to a new flow 
rate, pertaining to transitional plane bed conditions (Froude 
No. ·=. 1.0), was less efficient than dune augmentation from a plane 
bed. 
At the end of the wave passage, where critical conditions for 
the original plane bed were assumed once again (q = q), dunes were 
C 
still present on the bed, their final height being greater for the 
steeper waves. 
Table 8.4 shows an approximate measure of the phase lag assoc-
iated with the dune height phase diagrams in Figure 8.17. As the 
f h h . h . . dl°'I . . . rate o c ange of dune eig t with discharge, _..i , is positive and 
dq 
the path taken along the loop curve is anticlockwise, the phase lag 
o, must be less than or equal to n/2 radians*. Where no phase lag 
exists in the system e . g. following perfectly the steady flow dune 
height rating curve, the phase lag is zero. The results of Table 8 . 4 
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indicate that the phase lag increases as the wave steepness increases, 
given the same maximum discharge. 
(b) Dune Wavelength (~dl 
The change in mean dune wavelength is also shown in Figure 8 . 16 
during the wave passage. The mean dune wavelength along the test 
reach is less responsive to changes in discharge, particularly during 
the rising stage, where after an initial decrease, it remains essen-
tially constant at a lower value than the mean steady flow constant 
value. This observation was also noted during the transition after 
a step change in discharge. Allen (1976a) suggested that dunes are 
less constrained in height than they seem to be in wavelength, primar-
ily because a change in height does not involve the formation and 
disappearance of individual dunes. 
*corresponds in the limit to a circular loop. 
Although a greater variability existed for wavelengths in both 
steady and non- steady flows than for dune heights, differences in the 
magnitude of the mean values do exist between the two cases (Figure 
8.16 ) . These differences in magnitude also increase with wave steep~ 
ness. 
As the peak flow of the wave approached, the dune wavelength 
began to increase toward the steady flow magnitude and continued to 
increase until the end of the wave period. This behaviour during 
the falling stage was also observed by Jensen (1973) for dune wave-
lengths. 
(c) Dune Celerity (Cdl_ 
Limited data on the celerity of a few chosen dunes during one 
translation wave, NS0493, is shown in Figure 8.18 . During the rising 
stage, beginning at t/T = 0 . 3l, the celerities of the dunes appear 
to be greater than the steady flow celerity pertaining to the same 
mean velocity. During the falling stage, the dune celerity is less 
than the value at the corresponding point on the rising limb e.g. the 
mean celerity at t/T = 0.3l is approximately twice the celerity at 
t/T = 0.69. Znamenskaya (1963) observed that the celerity of dunes 
during the rise of a flood exceeded the celerity during the falling 
stage by 2 - 10 times. 
A possible explanation of the greater celerity on the rising 
limb of a wave is the lower inertia or resistance to change of the 
dunes during the rising stage, where they are much smaller than the 
comparable dune height and the dune height at the corresponding point 
on the falling limb. It must be noted however that a higher dune 
celerity on the rising limb does not necessarily imply that the tr-
ansport rate is higher, but it is the combination of td x Cd which 
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8.4.6 Bedforms - Spatial Variations 
The bed profiles, measured at various discrete stations along 
the test reach where dune crests and troughs were present, are shown 
in Figure 8.19 for three different times during wave NS0893. The 
difficulty in determination of the general scour hole length is once 
again evident, particularly in Figure 8.19c, where the mean bed level 
of the bedform configuration is below the original bed level. This 
effect of the lowering of the mean bed elevation downstream, where 
bedforms were present, was much more noticeable here than during st-
eady flow non- equilibrium experiments. This is because at a corres-
ponding point near the end of the general scour hole, where a steady 
flow segment receives from the preceding segment almost its full 
transport capacity, a non-steady flow segment does not and must there-
fore erode more material from the bed. 
The spatial variation of the magnitude differences in bedload 
transport rates, downstream of the local scour hole must be connected 
with the response of the bedforms. From Figure 8.19, a spatial var-
iation, where the dune height increases downstream, can be disting-
uished in the bedform height distribution. The spatial distributions 
of bedform heights near the peak of the four waves used for bedform 
analysis, are examined quantitatively in Figure 8.20. The dimension-
less bedform height ~:8 (x,t)/~:T(t), is the ratio of the instantan-
eous individual bedform height at time t during the translation wave, 
to the steady flow comparable mean (over the test reach) dune height 
at that time t. The spatial distribution of dune heights, shown 
only for t/T • 0.5, predominantly in the range 1.5 m < x < 4 m, was 
a general trend observed throughout the rising limb of each wave and 
a portion of the falling limb after the wave peak . Thus differences 
in mean dune height (taken over the 9.29 m test reach) between com-
parable steady and non-steady flows, shown in Figure 8.16, will be 
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of the test reach (9.29 m), because of the smaller dunes present up-
stream. The lower values of the dune heights in the range 1.5 m < x 
< 4 m, is likely to be a significant factor in the spatial response 





NS0693 . 89 
NS0893 . 79 
Distribution of Dune Heights with Distance near 
the end of the Wave Period 
DUNE HEIGHT lid (mm) 
DISTANCE x (m) 
15.4 8.1 6.6 6 . 6 6.6 13. 9 
1. 78 2.82 3.83 5. 08 6 .52 7 . 80 
8.8 12.5 10.3 5 . 1 4.4 9 . 5 
2.55 3.90 5.05 6.09 6.82 8 . 16 
7.3 l0.3 5.1 11. 7 11. 7 
3 . 53 4.59 5.99 7.23 8.69 
5.9 22 . 0 11. 7 8.1 
3.93 5.49 7.16 8.52 
of the local scour hole. 
Further downstream, 4 m < x < 9.29 m, the spatial distribution 
of dune heights, (Figure 8 .20), is more random, with no obvious trend, 
although often asmaller dune was present adjacent to a large dune, 
relative to the mean dune height. 
During the latter portion of the falling limb of the waves, 
no general spatial variation was ~esolved; see Table 8.5. For the 
steepest wave NS0293 (Table 8.5), the spatial variation reversed as 
the end of the wave period approached, the bedform height being lar-
ger at the upstream section than at the end of the test reach. 
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FIGURE 8.20 Spatial distribution of dune he i ghts near the wave peaks 




















Resistance to flow and the bedload transport rate are related 
to the roughness of the bed profile. As the bed roughness changes, 
there is a corresponding change in resistance to flow, thus affecting 
the flow properties such as depth and mean velocity. During the ris-
ing limb of a translation wave, changes in dune geometry lag the 
changes in water discharge, and hence the bed roughness will similarly 
lag behind, particularly with regard to the form roughness. The 
total friction factor f can be split into two components, f', the grain 
resistance friction factor and f" the form roughness friction factor. 
From the form friction factor relation obtained by Engelund (1977) 
for dune beds, 
f" = 2.5 exp [-2.5 :] ... (8.15) 
it can be shown that -the form drag is more sensitive to dune height 
than wavelength, provided that 
which is approximately 0.8 as the dune steepness Sd is small. The 
above condition is certainly true in almost all flow cases. Therefore 
the initial increase in the roughness of the bed under non-steady 
flows, is best achieved by a proportionate increase in dune height 
rather than wavelength. This observation was noted for both step 
changes in discharge and triangular translation waves on the rising 
limb . 
Freds~e (1979) modelled theoretically the response of bedforms 
and resistance to a periodic weakly varying water discharge and found 
that the effective shear stress Y' (due to grain friction), was great-
er on the rising stage than for a decreasing discharge. He then con-
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eluded that the sediment transport rate likewise was larger for an 
increasing discharge, assuming the inertia of the bed particles to 
be negligible. However the results of the NS series, for a fine 
gravel bed-material, indicate that the bedload transport rate is gen-
erally smaller on the rising limb than on the falling for steep tran-
slation waves, emphasising the role of the bed response effect on 
the bedload transport. 
The magnitude deficit between comparable steady flow trans-
port rates and non- steady flow transport rates, under non- equilibrium 
conditions, is due to both a bed response effect and changes in the 
friction slope Sf from under- developed dune bedforms . What is un-
known, is the relative proportion of these two effects which lead to 
the magnitude deficit. 
8.4.8 Stage - Discharge Relations 
When the total_ resistance to flow (or bed roughness) lags 
the changes in discharge, the lower resistance to flow will cause the 
water depth to be lower than for steady flow conditions. {Simons 
et al. (1961)}. The opposite situation will occur on the falling 
limb of a flood wave. This effect creates a hysteresis loop in the 
stage-discharge curve . The stage-discharge curves for the two con-
trasting waves, NS0235 and NS0835 (q = 0.16 m3/ s/m), are shown 
inax 
in Figure 8.21. The stage was measured at x = 3.26 m, in the region 
where the dune height exhibited a spatial variation (Figure 8.20). 
Also shown in Figure 8.21 is the steady flow non- equilibrium rating 
curve obtained from the ST--35 series. The downstream weir, control-
ling the tail-water level, was carefully adjusted in small steps dur-
ing the translation waves, using steady flow settings. Therefore 
the deviations from the steady rating curve reflect the dune and re-
sistance behaviour. For wave NS0835, the loop in the stage-discharge 
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reflecting the smaller phase lag for dune development (Table 8.4). 
However for wave NS0235, the differences between stages on the rising 
and falling limbs, for a constant discharge, are larger. Near the 
end of the wave period, the stage remains above the steady flow rat-
ing curve, as relatively large dunes persist until the finish, com-




The particular non-equilibrium situation investigated, a change 
from a fixed bed to an erodible alluvial bed with no input of sedi-
ment, exhibited two contrasting regions : 
(1) the local scour hole, particularly in the scour 
pit region, in which the flow and sediment be-
haviour is dominated by the non- equilibrium 
boundary conditions. 
(2) the remainder of the control test reach in which 
the flow and sediment behaviour is dominated by 
the non-steady flow conditions and the resulting 
delayed response of the bedforms. 
The results presented in this chapter have been compared to 
comparable steady flow non- equilibrium results. The differences ob-
served are thus those between steady and non-steady flows and are in 
addition to those incurred by the non-equilibrium situation described 
in Chapter 7. 
For step changes in discharge from initial threshold conditions, 
there was initially a transient phase, during which the measured 
transport rates were significantly less than the average comparable 
steady flow rates. The duration of this phase, defined as the ela-
psed time until the two transport rates first became equal, was inde-
pendent of reach length and decreased rapidly towards an asymptotic 
value, with increasing size of step change. The deficit, between 
the transport rates, chosen to characterise the transient phase; in-
creased with an increase in step change because of the greater mis-
match between zero transport and the newly acquired transport capa-
city; and decreased with increasing reach length. 
After the transient phase, the non-steady transport rates 
tended monotonically towards the average steady flow transport rates 
for short reach lengths, reflecting conditions in the local scour 
hole, and oscillated about the steady flow rates at longer reaches 
reflecting the influence of bedforms. 
Measurements of bedform properties showed that the dune height 
responds much more rapidly than the wavelength, the former almost 
reaching the steady flow comparable value at the end of the transi-
ent phase. 
During the passage of triangular translation waves, the mea-
sured transport rates, at points downstream of the local scour hole, 
increased more slowly than the comparable steady flow transport rates, 
peaked at approximately the same time and then decreased with a smal-
ler deficit. At times on the falling limb, the measured transport 
rates equalled and even exceeded the average comparable rates. Mea-
sured transport rates at equal times on the rising limb and at the 
wave peak, increased with reach length suggesting that the wave filled 
with sediment relative to the steady flow comparable transport rates 
as it progressed downstream. On the falling limb this effect, if 
present, was masked by the variations in the transport rate that 
characterised this portion of the wave. 
Within the local scour hole, there were minimal differences, 
apart from the peak values, between steady and non-steady flow trans-
port rates under non-equilibrium conditions. 
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Sediment yields from each wave could be correlated for the 
control test reach using a wave yield number, a Strouhal Number and 
the ratio of maximum to threshold water discharge. The steady dis-
charge required to produce the same sediment yield in the same time 
as the wave was some 5% more for the longer reach length, and up to 
20% less for the shorter reach lengths, than the mean water dis-
charge of the wave up to that time. 
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Dune heights under the rising limb of a translation wave in-
creased more rapidly than dune wavelengths, but lagged the steady flow 
comparable dune heights. On the falling limb wavelengths increased 
while heights decreased slowly. This suggests that dune augmentation 
is more efficient than the destruction process. It is this effect 
which gives rise to differing resistance to flow on the rising and 
falling limbs for the same discharge, thus producing a loop in the 
stage- discharge rating curve which is observed on some alluvial rivers. 
CHAPTER IX 
CONCLUSIONS AND RECOMMENDATIONS 
9.1 CONCLUSIONS 
The results of this study, which may be related to the aims 
set down in section 4.2, are summarised at the ends of Chapters 6,7 
and 8. From these summaries the following points can be emphasised. 
(1) Initial Motion 
The transport rate or dimensionless erosion rate is strongly 
dependent on the applied bed shear stress near threshold conditions. 
From this relationship which applies for turbulent flow and uniform 
particles, the best method of determining threshold flow conditions 
is to nominate a suitable transport rate or dimensionless erosion 
rate. A quantitative estimate of the dimensionless erosion rate for 
other initial motion criteria can also be determined. 
(2) Steady Flow, Non-Equilibrium Transport 
Atanypoint in the test reach, the transport rate decreases 
with time after the general scour hole reaches the vicinity of that 
particular point. 
At any time, the transport rate varies spatially, increasing 
rapidly from zero at the upstream boundary, and through the region 
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of the scour pit. With distance downstream in the general scour hole, 
the transport rate increased more slowly, tending asymptotically to 
the initial equilibrium transport rate. 
Differences were apparent between the actual non-equilibrium 
transport rate and the comparable local equilibrium capacity rate 
in the local scour hole. These differences were a maximum at the 
upstream end of the reach, and decreased with distance downstream 
in the local scour hole. Further downstream in the general scour 
hole, the deficit was insignificant . Hence the predictive power of 
steady flow non- equilibrium mathematical models will be poor in the 
local scour hole region if an equilibrium transport formula, based 
on mean flow velocity, is used in the formulation of the model . 
(3) Non- Steady Flow, Non- Equilibrium Transport 
Two contrasting regions are evident within the test reach, 
when the alluvial system is subject to non- steady flows : 
(a) the local scour hole which is dominated by the 
non- equilibrium effect while t he non-steady 
flow effect is small 
(b) the remainder of the reach which is dominated 
by the effect of the non- steady flow on the 
bedload transport and bedform development 
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A comparison was made between actual non- steady flow transport 
rates and comparable steady flow transport rates . Significant differ-
ences between these two transport rates were observed downstream of 
the local scour hole and are in addition to those incurred by the 
non- equilibrium situation at the same point. 
For step changes in discharge from threshold conditions, at 
any point downstream of the local scour hole, there wa s initially 
a transient phase during which the actual transport rates were signif-
icantly less than the comparable steady flow transport rates. The 
transport rate deficit increased with increasing size of the step 
change due to the greater mis-match between threshold conditions and 
the newly acquired transport capacity. 
Measurements of bedform dimensions showed the dune height res-
ponds more rapidly than the wavelength during the transient phase . 
For steep translation waves, significant differences in trans-
port rate magnitude occurred, at any point downstream of the local 
scour hole, between the measured non- steady flow transport rate hy-
drograph and the comparable steady flow transport rate hydrograph. 
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This was particularly noticeable on the rising limb . Faster rising 
waves, given the same peak water discharge, were associated with 
greater differences. This suggests a bed response effect is present. 
Dune heights under the rising limb of a translation wave in-
creased more rapidly than dune wavelengths. On the falling limb 
wavelengths continued to increase while dune heights decreased, al-
though at a slower absolute rate than for the increase on the rising 
limb. This suggests that dune augmentation is more efficient than 
the destruction process. 
At any time, the transport rate deficit, for both step changes 
in discharge and translation waves, exhibited a spatial variation, 
being a maximum immediately downstream of the local scour hole. The 
deficit decreases in the downstream direction, suggesting the flow 
segments are filled as they progress. The deficit is assumed to 
approach a constant non- zero magnitude further downstream, for rapid 
changes in discharge. For slow changes in discharge the magnitude 
deficit in this region will be small. The reasons for the spatial 
variation of the deficit remain tentative. 
Hence the performance of the non- steady flow non-equilibrium 
mathematical models, which use an equilibrium transport formula, can 
be expected to be poor if a non- steady flow bed response effect or 
changes in friction slope occur. The performance becomes more crit-
ical as the bedload sampling point is moved further upstream into 
the general scour hole. Consequently the bedload transport rate will 
be over-estimated for all reach lengths, downstream of the local 
scour hole, under rapid changes in discharge. 
The essential contribution of this thesis, is a set of indi-
cations of the general physical behaviour of an alluvial system, under 
non-equilibrium conditions. This was a~hieved by the development 
of conceptual models and the results of laboratory experiments. To 
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study the physical behaviour under non- steady flows, conditions treated 
herein are severe, especially with regard to wave steepness and sudden 
step changes in flow. Therefore for smaller rates of change of dis-
charge with time, the above conclusions will hold, but the transport 
rate deficit will be reduced. 
9.2 RECOMMENDATIONS FOR FURTHER RESEARCH 
This study has highlighted several areas of need in the field 
of initial motion studies and bedload transport transients. The 
scope for further research is wide, not only in the laboratory, but 
also in field data collection. The following recommendations are 
considered as the more important areas in experimental research. 
(1) Initial Motion 
More work is required to develop the quantitative definition 
of threshold condition$, particularly the measurement of small trans -
port rates for different slopes and sediment sizes. 
The initial motion results have been obtained for unifrom 
~
material. Further work with graded mixtures, where the sheltering 
effects of larger grains are significant, is required to generalise 
the relationship between the dimensionless erosion rate, N, and the 
Entrainment function Y. 
(2) Steady Flow Non-Equilibrium Transport 
There is a need to extend the data base by the measurement 
of actual transport rates for comparison with the local transport 
capacity within the local scour hole. This can be achieved using 
different bed slopes, sediment sizes and upstream sediment boundary 
conditions. 
Theoretical work is also required to derive a bedload equa-
tion or computational scheme, possibly as a function of the flow 
velocity near the bed, which is applicable to the non - equilibrium 
local scour hole situation. Hence the power of the mathematical 
models, to predict scour hole development and the final equilibrium 
depth will be improved. 
(3) Non-Steady Flow, Non-Equilibrium Transport 
The deficit, between comparable steady flow and non- steady 
flow transport rates, needs further attention. In particular, a 
limiting wave steepness needs to be defined, for both laboratory and 
field situations, above which the quasi- steady mathematical model 
is not applicable. Also the relative proportion of the transport 
rate deficit due to firstly bed response effects and secondly, to 
changes in the friction slope, remains unknown for various wave 
characteristics. Moreover, the deficit must be related to lags in 
the response of bedforms (height, wavelength, and celerity), if they · 
are present. 
Conclusive reasons for the presence of the spatial variation 
of the transport rate deficit to any steep non- steady flow form, need 
to be found . 
Other non-equilibrium boundary conditions need to be tested 
under non- steady flows e.g. sediment overload of the system. 
The response of the system under non- steady "equilibrium" con-
ditions needs to be clarified. 
(4) Resistance and Stage-Discharge Relations 
At a more fundamental level, the relationship between changing 
bedforms, resistance and flow depths, for non-steady "equilibrium" 
and non-equilibrium conditions, is known only in outline, particularly 
for gravel bed- material. The estimation of the friction factor f for 
the prediction of stage- discharge relations, during steep flood waves, 
needs further attention. 
(5) Mathematical Models 
The mathematical models for any alluvial system remain to be 
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tested thoroughly against actual data covering a wide range of sedi-
ment and flow conditions. Further applicable data can be expected 
to contribute to the refinement of the mathematical model . 
Clearly, much further work in the field of bedload transients 
is needed before the response of the bedload to non- steady influences, 
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APPENDIX A 
EXPERIMENTAL CONSIDERATIONS 
A.l FIXED BED LENGTHS 
A fixed bed, whose surface was composed of rounded gravel 
particles (D50 = 4.02 mm), was placed in the upper reach of the 
working section of the flume (Figure 4.2) to allow the development 
of the turbulent boundary layer. A similar fixed section was 
provided at the downstream end to shift backwater effects, associated 
with the outflow weir, away from the erodible test reach. The 
gravel particles in these t,.;u regions were sprayed with a fluid 
mixture of cement and water and allowed to harden. These t-oo 
fixed bed regions were separated from the erodible section by 
partition boards which were sealed to prevent seepage of water 
between the fixed and erodible beds. 
The minimum fixed bed length upstream was determined using 
the analogy of the boundary layer growth on a rough plate. For a 
given maximum flow dep t h (y) and an equivalent grain r oughness 
(ks ·=. 2 D50) on the fixed bed, the minimum length of bed could be 
determined such that the boundary layer thickness (o) was equal to 
the flow depth. Combining the coefficient of total skin-friction 
drag on a rough plate, {Schlichting (1968)}, and the universal 
velocity distribution for a completely rough region, knowing 
y = o and k leads to a minimum distance required for the boundary 
s 
layer to fully develop, {Griffiths (1976)}. 
The vertical velocity profile near the end of the upstream 
fixed bed was checked with a Pitot tube at the centre line of the 
A-1 
flume channel. It revealed that the boundary layer was indeed fully 
developed and thus the 6.5 m length of fixed bed downstream of the 
flow straightening device was deemed to be sufficient for xR = 9.29 m. 
The length of fixed bed in the downstream section was 
dictated by the position of the bedload collection device, but was 
sufficient to contain the backwater curve from the submerged outlet 
weir. 
The roughness variation, which may be estimated by Manning's 
n, from the fixed bed to the erodible bed was small. Using the 
Manning- Strickler formula 
... (A.1) 
where n65 is in mm, yields n = .017 for the fixed bed and n = .015 
for the stationary plane erodible bed. Owing to the presence of 
bedforms at the higher flow rates, the roughness of the loose bed 
will increase to more closely match the roughness of the upstream 
fixed bed . 
A.2 SEDIMENT PROPERTIES 
The bed sediment was obtained from a deposit in the 
Rangitata River . It was sieved to within 1.70- 3.35 mm limits. The 
grain size distribution curve is shown in Figure 4.3. Relevant 
properties of the sediment include: 
(1) Size 
n50 = 2 .11 mm (Fine gravel size) • 
n84 _1 = 2.61 mm 
n15 . g = 1. 68 mm 
cr = 1. 25 
g 
A-2 
(2) Specific Gravity 
Five samples of the bed sediment 'to;ere oven dried, placed 
in a flask, filled with distilled water and boiled in a 








(3) Porosity of the Sediment Bed 
Using the formula 










. • • (A. 2) 
and knowing the values of yd and ps' the value of the 
porosity p can be determined . Two determinations produced 
porosity values of 0.421 and 0.418 to give a mean value of 
p = 0.42 . Thus the value of the bulk specific dry weight 
in the bed, P = (1 - p) S y, takes the value 
s s w 
1.565 X 104 N/m3 . 
(4) Fall Velocity 
The mean fall velocity (w) of 50 particles dropped in a 
0 tall measuring cylinder was 0.180 m/s, at 15.7 C. 
(5) Angle of Repose 




(6) Particle Shape 
The particle shape of the grains is sho\.;n in Plate A.I. 
" 
'· 
PLATE A. I Sediment Grain Shape (D50 = 2.II mm) 
APPENDIX B 
TIME- SERIES ANALYSIS 
B.1 NON-STEADY FLOW BEDLOAD TRANSPORT RATES 
The bedload transport rate was sampled during the non- steady 
flows in a constant temporal order, therefore time series analysis 
is readily applicable to smooth the. original raw data record. To 
isolate the trend component from the seasonal component, the 
preferable procedure is to use a centred moving average filter. 
The mechanics of this procedure are as follows. A poly-
nomial is fitted to the first 2m+l measureme~ts, which is termed 
the phase length, and is used .to calculate the trend value at the 
central (m+l)th data point. The same order polynomial is then 
fitted to the data points i = 2, 3, ••• , 2m+2 to determine the 
trend value for the (m+2)th data point and so on for the length of 
the data record. The coefficients for polynomials up to the 
quintic order have been worked out once and for all and were obtained 
from tables given by Kendall (1973). The linear polynomial, order 
one, proved to be the most satisfactory smoothing polynomial, 
reducing the coefficients to 
1 
1) { 11 ' 12 ' 13 ' • • • ' 12m+ 1 } 
which sum to unity. 
However the algorithm as it stands will not yield trend values 
for the first and last in values of the time series. Coefficients 
for the polynomials centred on each of the first and last m points 
B-1 
can be obtained by an extension of the method, shown in Kendall (1973), 
which effectively fits a straight line through the first and last 
m points. However the reliability of the trend values in these 
two end regions decreases, with respect to the central core of the 
data, as the two extreme end values are approached. 
One disadvantage of the centred moving average scheme is 
the distortion and phase shift of the cyclic oscillations due to 
bedforms, see Figure B.l. However the bedload yield under the 
smoothed transport rate curve (Figure B.l) was approximately the 
same as the actual bedload yield. Figure B.2 shows the moving 
average scheme applied to a transport rate time series which was 
measured near the scour pit at xR = 0.74 m, being much smoother 
initially because no bedforms were present. 
The most suitable phase length for each data record was 
chosen by trial and error to give the smoothest trend distribution, 
while at the same time keeping 2m+l << record length and~ a 
bedform wavelength. 
B.2 COMPARABLE STEADY FLOW TRANSPORT RATES 
• 
So that a smooth curve could be drawn through the comparable 
steady flow transport rates, a cubic spline piece-wise interpolation 
algorithm was applied between the points. The algorithm fits a cubic 
polynomial to small segments between the data points. A necessary 
constraint is that the first derivative be the same at the end of 
one segment and at the beginning of an adjacent segment. Details of 
the procedure including the solution of the simultaneous equations by 
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INITIAL MOTION CRITERIA AND EQUILIBRIUM 
FORMULAE 
C.1 INITIAL MOTION CRITERIA 
(1) Shields (1936) {from White, Milli and Crabbe (1973)} 
(a) 050 = 2. 11 mm 
g(S - 1) 1/3 
[ s J 
2 
\) 
= 51 in this case 
Thus the Entrainment function value for threshold conditions 
according to the Shields Curve is 
Y = . 0435 
C 
and the threshold shear velocity is 
u* = .040 m/s 
b 
(b) D50 = 4 . 02 mm {Griffiths (1976)} 
D = 95 gr 
y = .056 
C 
u* = 0.061 m/s 
b 
(2) Paintal (1971a) 
Paintal considered that the point of intersection of his 
two dimensionless transport rate curves 
and 
C- 1 
/ = 13 y2 . 5 
s 
represented the initiation of general movement. This 
occurred at a value of Y = .05 and g* = 10- 2. 
C S 
(3) Neill and Yalin (1969) 
The dimensionless erosion rate N was given an ar bitrary 
- 6 value of N = 1. 0 x 10 . 
C. 2 EQUILIBRIUM TRANSPORT FORMULAE 
C.2.1 Formulae detailed in White et al . (1973) 
(a) Einstein- Brown (1950) p . 17 
(b) Rottner (1959) p.28 
(c) Yalin (1963) p.29 
(d) Ackers and White (1972) p.41 
C.2.2 Other Formulae 
(a) Meyer - Peter (1948) - detailed in A. S.C.E. (1975) p . 192. 
The formula in S.I . units (N/s/m) is 
g2/ 3 = 1142 q213s - 194.9 n50 . s f 
(b) Einstein Bed Load Function (1950) 
Ref. Einstein (1950) 
... (C.1) 
Since mean velocities were readily calculated from experimental 
I 
data, the bar - resistance chart to determine u* was bypassed. 
b 
Instead, equation 48 in White et al. (1973) 
u l [12 . 27 y I 2 .x] = 5 . 75 og D u~~ 
u* 65 b b 
• • • (C. 2) 
u* 
b 
' was used to determine u* by iteration. 
b 
C- 2 
(c) Paintal (1971b) 
* Shown in the form of a dimensionless graph, Y versus gs' 
from Paintal's equation 34. 
C.2.3 Prediction of Transport Rates 
C-3 
The transport rate predictions, using the hydraulic and sediment 
data from the SE Series (Table C.1), of the various equilibrium 
formulae listed above are shown in Table C.2. 
Table C.1 : Hydraulic and Sediment Data 
(corrected for side-wall effects, Williams (1970)). 
q y u T u* 0 b 
3 m/s N/m2 m/s m /s/m , m 
.070 .116 .603 2.130 .0462 
.090 .137 .657 2.487 .0499 
.110 .156 .705 2.803 .0529 
,13'0 .173 .750 3.080 .0555 
.150 .190 .789 3.352 .0579 
.170 .206 .825 3.604 .0600 
n50 = 2.11 mm, S = 2.75, s = .0020, y (Shields) = .0435, s 0 C 
-6 2 
v = 1.11 x 10 m /s 
C-4 
Table C.2 Transport Rate Predictions 
g (N/s/m) 
se q 
A B M E p R y Eqn. 
3 Ackers Einstein Meyer Einstein Paintal Rottner Yalin 
m /s/m -White - Brown -Peter 6.4 
. 07 .087 . 043 . 0063 . 058 .075 . 030 . 036 
.09 .156 . 087 .010 .021 .137 .148 . 085 . 094 
.110 .234 .140 . 038 . 053 . 236 . 235 . 157 . 164 
.130 . 325 .199 .073 .098 .355 .347 . 244 .261 
. 150 . 413 . 268 . 113 . 141 . 488 . 466 . 346 . 389 
.170 .505 .340 .156 . 195 .622 .597 .455 . 552 
APPENDIX D 
INITIAL MOTION AND EQUILIBRIUM TRANSPORT 
RESULTS 
D.l INITIAL MOTION 
The data from the initial motion runs (IM Series) is 
tabulated below in Table D.l. The sidewall correction formula 
of Williams (1970) was used to correct the shear velocity or bed 
shear stress . The corrected values of the data f r om Griffiths 
(1976), for a similar initial motion study, are also included, 
where n50 = 4.02 mm. 
Table D. l : Initial Motion Results 
Run q y e u* y n N 
b 
gs 
3 - 2 - 1 10- 6 No . m /s/m m oc m/s m s X N/s/m 
D50 = 2.11 mm s = 2.75 s = .0030 Re* = 70 s 0 
IM0193 . 017 . 0411 15.1 . 0344 . 0327 .694 .190 9. 72 X 10- 6 
02 . 018 .0433 16.0 .0353 .0344 .936 .247 1.44 X 10- 5 
03 .020 .0459 13.7 .0363 .0364 1.03 .267 1. 73 X 10-5 
04 . 021 . 0483 14.3 .0372 .0382 2.56 .646 4.66 X 10-5 
05 .023 .0502 15.3 .0378 .0394 2.99 .744 5.86 X 10- 5 
06 .024 .0522 13.0 .0386 . 0411 5.40 1. 31 1.13 X 10- 4 
07 .027 .0550 13.3 .0397 .0435 7.89 1.87 1. 78 X 10- 4 
08 .028 .0563 14.1 .0400 .0442 10.5 2.46 2.64 X 10- 4 












Y n N 
m- 2s - l X 10- 6 
n50 = 2.11 mm Ss = 2.75 S0 = .0020 Re* = 73.5 
gs 
N/s/m 
IM1093 .036 .0761 16.7 .0378 .0394 3.92 .973 7.68 x 10- 5 
IM1193 .038 .0777 16.8 .0381 ,0401 5.54 1.37 1.16 x 10- 4 
Griffiths (1976) n50 = 4.02 mm Ss = 2.68 S0 = .0023 Re* = 200 
Gl 
G2 
.069 .117 16.2 .0497 .0373 
.085 .132 17.3 . 0526 .0418 
.395 .516 
• 969 1. 20 
G3 .095 .141 17.5 .0542 .0443 l.86 2.23 
G4 .109 .152 17.8 .0561 .0475 4.61 5.34 
GS .089 .134 16.1 .0529 .0422 1.08 1.33 
G6 .100 .143 16~4 .0545 .0448 2.91 3.47 
G7 .075 .119 16.4 .0501 .0379 .431 .559 
GB . 068 .112 17.0 .0487 .0358 .253 .337 
G9 .079 .122 16.9 .0507 .0388 .600 .769 
GlO .081 .126 16.9 .0514 .0399 .662 .837 
Gll .116 .159 16.8 . 0573 . 0496 5.06 5 . 74 
- 1/2 
[1 + . 055 (y /B2)] 
D.2 EQUILIBRIUM TRANSPORT 
Williams ( 1970) 
The data from the SE Series is tabulated in Table D.2, for 
those runs which met the criteria listed in section 5.4.2. 
D-2 
D-3 
Table D.2 Results of SE Series 




3 m/s oc .. N/s/m N/s/m No. m /s/m m m m 
SE0193 .071 .1170 .603 16.5 .0893 .0874 .032 .037 
02 .087 .1354 .645 15.3 .0899 .0885 . 080 .084 
03 .101 .1463 . 693 15.7 . 0893 . 0883 .133 .135 
04 .116 .1597 . 728 16.1 .0890 .0865 . 187 .197 
05 .122 .1650 .738 15.4 . 0887 .0866 .223 .232 
06 .131 .1743 . 752 17.1 . 0893 .0890 .259 .260 
07 .142 .1847 .767 17.0 .0893 .0871 .316 .325 
08 . 142 .1843 .768 14.8 .0899 .0880 .314 .317 
09 .142 .1843 .768 15.4 .0895 .0878 .314 .318 
SE1093 .148 .1888 . 785 15 .8 . 0897 .0886 .391 .396 
s h. Sf = .0020 n50 =2. lmm s = 2.75 0 s 
APPENDIX E 
STEADY FLOW NON-EQUILIBRIUM TRANSPORT 
RESULTS 
E.l MEAN STAGE LEVELS, TRANSPORT RATES AND MEAN BED LEVELS 
Table E.l Results from the ST . • 93 Series (x = 9.29 m) R . 
Mean Stage Levels 
Run 3 q e ii t ii t ii t 
No. m /s/m oc m min m min m min 
ST0193 .046 15.8 .1800 0 .1800 120 
2 .056 17.2 .1915 10 .1916 125 
3 .068 17.4 .2054 0 .2055 80 
4 .082 18.5 :2209 0 .2210 17 . 2211 73 
5 .097 17.8 .2367 15 .2368 65 .2370 117 
6 .111 18.9 .2501 0 .2504 25 .2508 75 
7 .127 17.0 .2637 0 .2638 15 .2649 110 
8 .1 40 18 . 9 .2740 0 .2749 20 .2756 so 
ST0993 .159 18.8 .2897 9 .2921 56 
g (t) (N/s/m) (Dr y Weight) 
s 
Run Time (min) 
No. 5 15 25 35 45 55 65 75 85 95 105 115 
ST0193 .004 .004 . 004 .004 
2 .020 .021 . 021 .020 .019 
3 .034 .033 . 033 .033 .032 . 031 .029 .027 
4 .061 .060 .059 . 057 .055 .052 .050 .048 .047 
5 .115 .114 . 112 .107 .101 .098 . 094 
E-1 
E-2 
Table E .1 cont. 
Run Time (min) 
No. 5 15 25 35 45 SS 65 75 85 95 105 115 
6 .163 .161 . . 157 .153 .144 .135 .125 . 117 
7 .246 .241 .238 .217 .200 .177 . 156 . 135 
8 .318 .314 .305 . 271 .244 .219 .189 
ST0993 .446 .428 .403 .382 .348 .314 
E- 3 
Table E.2 Results from the ST •. 53 Series (xR = 5.29 m) 
Mean Stage Levels 
Run 3 q e ii t ii t h t 
No. m /s/m oc m min m min m min 
ST0153 .045 16 . 3 .1838 12 . 1838 58 
2 .056 16.6 .1955 14 .1956 75 
3 .067 16.0 .2097 21 .2096 117 
4 .082 16.7 . 2247 19 . 2249 68 .2254 117 
5 .097 17.6 .2400 0 .2402 27 .2409 117 
6 .111 15.5 .2527 0 . 2540 66 .2551 115 
7 .127 16.8 • 2672 0 .2677 20 .2691 99 
8 .139 16.8 .2781 4 .2799 65 .2804 111 
ST0953 .160 17.7 .2956 0 .2965 20 .2981 53 
g (t) 
s (N/s/m) (Dry Weight) 
Run Time (min) 
No. 5 15 25 35 45 55 65 75 85 95 105 115 
ST0153 . 006 · . 006 . 005 . 005 . 004 
2 .017 . 015 . 016 .014 .013 .011 
3 .040 . 035 .030 .026 .025 .022 .020 
4 .066 .065 .062 .057 .053 .045 .043 . 040 .038 
5 .113 . 110 .100 . 091 .083 .080 .078 .075 
6 . 164 .161 .156 .145 .137 .128 .116 .112 .104 
7 .244 .238 .217 .203 .190 .177 .165 .152 .141 
8 .305 .296 .265 .248 .231 .217 .204 .193 .183 
ST0953 .450 .403 .358 .325 .300 .285 .278 
E-4 
Table E.3 Results from the ST .. 35 Series (xR = 3.53 m) 
Mean Stage Levels 
Run 3 q e ii t h t h t 
No. m /s/m oc m min m min m min 
ST0135 .046 17.8 .1859 13 
2 .055 18.1 .1970 12 .1973 24 .1977 82 
3 .067 19.0 .2107 7 . 2114 85 
4 .081 14.6 .2273 12 .2274 79 .2277 123 
5 .097 16.0 .2418 22 .2429 58 .2437 122 
6 .111 17.6 .2544 0 .2546 19 .2568 101 
7 .127 17.5 .2694 0 .2719 65 .2731 120 
8 .139 15.1 .2806 8 .2849 65 .2862 115 




Run Time (min) 
No. 5 15 25 35 45 55 65 75 85 95 105 115 
ST0135 .004 .004 
2 .016 .015 .013 .012 .013 .012 . 012 
3 .034 .031 .028 . 023 .021 . 019 .018 .017 . 015 .014 
4 .063 .060 .058 .056 .054 .054 .046 .039 .036 
5 .118 .115 .109 .105 .102 .099 .090 .083 .075 .064 
6 .167 .165 .162 .159 .155 .149 .140 .130 .115 .104 .095 .086 
7 .242 .238 .234 .225 .212 .195 .176 .161 .144 .131 .120 .111 
8 .294 .286 . 277 .268 .255 .243 .212 .186 .159 .138 .130 .124 
ST0935 .450 .422 .378 .338 .299 .263 .235 .212 .198 
E- 5 
Table E.4 Results from the ST .. 17 Series (xR = 1.74 m) 
Mean Stage Levels 
Run 3 q e ii t ii t ii t 
No. m /s/m oc m min m min m min 
STOll 7 . 046 13.4 .1879 8 .1877 105 
2 .056 15.3 .2015 8 .2019 95 
3 .067 15.6 .2145 11 . 2148 73 .2151 116 
4 .082 16.8 .2303 17 .2309 82 .2311 114 
5 .098 17.8 .2474 23 .2478 63 .2483 115 
6 .111 17.2 .2601 18 .2617 63 .2619 111 
7 .127 18.7 .2747 19 .2757 50 .2761 112 
8 .140 15.5 .2854 13 .2873 63 .2881 113 
ST0917 .160 16.6 .2970 4 .2999 20 .3051 122 
g (t) (N/ s/m) · (Dry Weight) 
s 
Run Time (inin) 
No. 5 15 20 25 35 45 55 65 75 85 95 115 
ST0117 .004 .003 .004 .003 .003 .002 .002 
2 . 018 .018 . 018 .016 . 014 .013 .010 
3 . 035 . 035 . 032 . 030 . 025 . 022 .018 . 015 . 014 .014 
4 .064 .061 .054 .045 .035 .030 .028 .026 .024 .021 
5 .121 . 111 .099 .086 .065 .059 .046 . 039 . 034 .030 .024 .020 
6 .167 .165 .160 .151 .111 .084 .061 .055 .049 .046 .041 .035 
7 .247 .234 .216 .181 .115 .090 .076 .065 .059 .054 .047 .043 
8 .309 .278 .246 .188 .128 .105 .090 .079 .071 .065 .061 .058 
ST0917 .452 .407 .333 .221 .164 . 131 .115 .105 . 096 .087 .082 .071 
E- 6 
Table E. 5 Results f r om the ST •. 07 Ser ies (xR = 0 . 74 m) 
Mean Stage Levels 
Run 3 q e ii t ii t ii t 
No. m /s/m oc m min m min m min 
ST0107 . 047 15 . 4 .1884 6 . 1884 71 .1883 109 
2 . 056 17 . 1 .1995 7 . 1999 72 
3 . 067 17 . 8 • 2118 10 . 2118 52 . 2123 100 
4 .082 16.1 .2282 14 .2286 69 .2288 119 
5 . 098 15.9 . 2444 14 .2448 63 . 2451 116 
6 .111 16.9 .2577 10 .2583 64 .2589 113 
7 .127 16.2 .2734 14 .2739 73 .2743 112 
8 . 140 16 . 0 . 2853 14 . 2861 54 .2854 112 
ST0907 .159 16.9 .2974 4 . 3003 67 .2997 92 
g (t) s (N/s/m) (Dry Weight ) 
Run Time (min) 
No. 1 5 10 15 20 25 30 35 55 75 95 115 
ST0107 .005 .004 .004 .003 . 003 .003 .003 .003 
2 .017 .015 .01 2 .013 . 011 . 009 . 009 .006 .006 . 006 
3 .037 .035 .030 . 025 .020 .017 .016 .013 . 013 . 015 . 014 
4 .069 .054 .039 . 032 .026 .022 .022 .019 .018 .017 .018 
5 . 118 . 096 .069 .054 . 045 .036 .031 .021 .015 .012 .011 
6 .170 . 165 . 127 .072 .053 .044 . 039 .033 . 024 . 017 . 015 . 012 
7 . 241 .210 .135 .082 .060 .050 . 048 .042 .034 . 030 .025 .024 
8 .293 .267 .208 .110 .083 . 067 .058 .051 .035 .030 .026 .019 












TABLE E. 6 MEAN BED LEVELS FOR REACH LENGTH= 9.29 M 
MEAN BED LEVEL (Z) (M) 
TIME (MIN) 
0.0898 0.0896 0.0885 0.0886 0.0883 0.0882 
ORIG. 0.0 31. 5 61. 5 91. 5 120.0 
0.0907 0.0905 0.0902 0.0900 0.0897 0.0900 0.0889 0.0886 0.0878 0.0879 
ORIG. 0.0 6.5 16.5 36.5 46.5 61. 5 76.5 106.5 120.0 
0.0902 0.0901 0.0899 o.0890 0.0890 0.0885 0.087 2 0.0865 o9g863 000854 o2g8g2 ORIG. 0.0 11.5 21.5 31.5 46.5 59.5 76.5 .5 1 6.5 1 . 
0.0902 0.0888 0.0879 0.0867 0.0855 0.0862 0.0 848 0.0839 0.08 26 0.0822 0.0819 
ORIG. 0.0 6.5 11.5 23.5 31.5 46.5 59.5 81.5 91.5 119.5 
0.0899 0.0885 0.0871 0.0870 0.0865 0.0835 0.0826 0.0814 0.0808 0.0795 0.0793 
ORIG. 0.0 6.5 11.5 21.5 40.5 61.5 76.5 91.5 106.5 122.0 
, 
0.0899 0.0886 0.0862 0.0858 0.0831 0.0823 0.0787 0.0778 0.0761 0.0761 
ORIG. 0.0 6.5 11. 5 16.5 31. 5 46.5 91. 5 106. 5 120.0 
0.0907 0.0890 0.0872 0.0853 0.0831 0.0812 0.0805 0.0788 0.0763 0.0748 0.0741 
ORIG. 0.0 6.5 12.5 17.5 32.5 46.5 63.5 76.5 91.5 106.5 
0.0903 o.0916 0.0881 0.0863 0.0848 0.0826 o.0797 0 70781 o9g742 ORIG. 0.0 8.5 13.5 28.5 43.5 59.5 1.5 .0 
0.0912 0.0919 0.0906 0.0861 0.0815 0.0788 0.0787 0.0735 















TABLE E. 7 MEAN BED LEVELS FOR REACH LENGTH= 5.29 M 
-
MEAN BED LEVEL (Z) (M) 
TIME (MIN) 
0.0950 0.0942 0.0942 0.0936 0.0936 0.0935 0.0934 
ORIG. 0.0 6.5 31. 5 61. 5 92.5 120.0 
0.0951 0.0942 0.0934 0.0935 0 .0932 0.0926 0.0917 0.0916 0.0913 020911 
ORIG. 0.0 6.5 16.5 26.5 47.5 61.5 77.5 91.5 1 0.0 
0.0946 0.0935 0.0923 0.0915 0.090 3 0.0899 0.0895 0.0889 0.0876 0.0871 0.0863 
ORIG. 0.0 6.5 11. 5 31. 5 46.5 66.5 76.5 92.5 106. 5 121.0 
0.0950 0.0931 0.0918 0.0902 0 .0903 0.0893 0.0878 0.0857 0.0852 0.0838 0.0834 
ORIG. 0.0 6.5 11.5 16.5 31. 5 46.5 76.5 91. 5 106. 5 120.0 
0.0943 0.0919 0.0909 0.0902 0.0894 0.0872 0.0861 0.0846 0.0833 0.0827 0.0818 0.0797 
ORIG. 0.0 6.5 11.5 16.5 31. 5 46.5 61. 5 76.5 91. 5 . 106.5 120.0 
0.0948 0.0925 0.0909 0.0899 0.088 6 0.0856 0.0832 '0.0821 0.0796 0.0784 0.0773 0.0755 
ORIG. 0.0 6.5 11.5 16.5 31.5 46.5 61. 5 76.5 91. 5 106.5 120.0 
0.0947 0.0930 0.0891 0.0884 0.0870 0.0841 0.0818 0.0792 0.0765 0.0750 0.0738 
ORIG. 0.0 6.5 11.5 16.5 31. 5 46. 5 61. 5 77.5 91.5 106.5 
0.0934 0.0924 0.0894 0.0878 0.0864 0.0831 0.0778 0.0757 0.0739 0.0725 
ORIG. 0.0 6.5 11.5 16.5 31. 5 61. 5 76.5 91. 5 106. 5 
0.0942 0.0928 0.0883 0.0874 0.08 58 0.0805 0.076 5 0.0747 0.0715 















TABLE E. 8 MEAN BED LEVELS FOR REACH LENGTH= 3.53 M 
MEAN BED LEVEL (Z) (M) 
TIME (MIN) 
0.0957 0.0953 0.0946 
ORIG. 0.0 34.5 
0.0958 0.0947 0.0945 0.0935 0.0934 0.0933 0.0924 0.0922 0.0919 
ORIG. 0.0 16.5 47.5 61.5 76.5 91.5 106.5 121.5 
0.0953 0.0939 0.0931 0.0922 0.0916 0.0913 0.0901 0.0898 0.0888 0.0885 
ORIG. 0.0 16.5 29.5 51. 5 61. 5 76.5 91. 5 106.5 121.5 
o.0952 o.g962 0.0922 010910 o3~895 0.9887 o.~880 070864 o 9~855 o0o840 ~2~838 ORIG. . 6.5 6.5 .5 4 .5 6 .5 6.5 .5 1 6.5 .5 
0.0947 0.0930 0.0911 0.0897 0.0894 0.0882 0.0875 0.0861 0.0835 0.0815 0.0801 0.0791 
ORIG. 0.0 6.5 11. 5 16.5 31. 5 46.5 61. 5 79.5 91.5 106.5 121. 5 
0.0950 0.0936 0.0916 0.0890 0.0883 0.0864 0.0833 0.0816 0.0795 0.0779 0.0767 0.0752 
ORIG. 0.0 6.5 12.5 16.5 31. 5 46.5 61. 5 76.5 91. 5 106.5 121.5 
0.0950 0.0939 0.0911 0.0884 0.0873 0.0857 0.0815 0.0783 0.0754 0.0739 0.0717 0.0704 
ORIG. 0.0 6.5 11.5 16.5 31. 5 46.5 61. 5 78.5 91. 5 106.5 121. 5 
0.0951 0.0939 0.0920 0.0886 0.0879 0.0835 0.0793 0.0758 0.0734 0.0718 0.0692 0.0662 
ORIG. o.o 6.5 11. 5 16.5 31. 5 46.5 61. 5 78.5 91.5 106.5 121. 5 
0.0935 0.0924 0.0892 0.0872 0.0857 0.0790 0.0745 0.0697 070663 09~629 















TABLE E. 9 MEAN BED LEVELS FOR REACH LENGTH= 1.74 M 
MEAN BED LEVEL (Z) (M) 
TIME (MIN) 
0.0967 0.0963 0.0961 0.0958 0.0955 0.0952 
ORIG. 0.0 31. 5 61.5 91. 5 121.5 
0.0978 0.0973 0.0960 0.0950 0.0942 0.0937 0.0929 0.0923 0.0917 020915 
ORIG. 0.0 16.5 31.5 47.5 61.5 76.5 91.5 106.5 1 1.5 
0.0973 0.0962 0.0954 0.0929 0.0902 0.0883 0.0873 0.0864 0.0853 0.0843 020837 
ORIG. 0.0 6.5 16.5 31 . 5 46.5 61.5 76.5 91.5 107.5 1 1.5 
0.0985 0.0962 0.0935 0.0923 0.0902 0.0868 0.0843 0.0826 0.0811 0.0799 0.0790 0.0780 
ORIG. 0.0 6.5 11.5 16.5 31. 5 46.5 61. 5 76.5 92.5 106.5 121. 5 
0.0976 0.0949 0.0910 0.0883 0.0870 0.0819 0.0790 0.0770 0.0756 0.0744 0.0729 0.0725 
ORIG. 0.0 6.5 11.5 16.5 31.5 46.5 61.5 76.5 91. 5 106.5 121.5 
0.0973 0.0966 0.0913 0.0873 0.0840 0.0795 0.0751-0.0726 0.0713 0.0704 0.0690 0.0680 
ORIG. 0.0 6.5 11. 5 16.5 31. 5 46.5 61. 5 76.5 91. 5 106.5 121.5 
0.0970 0.0955 0.0880 0.0841 0.0808 0.0745 0.0722 0.0689 0.067 2 0.0659 0.0643 0.0627 
ORIG. 0.0 6.5 11. 5 16.5 31. 5 46. 5 61. 5 76.5 91. 5 106.5 121.5 
0.0965 0.0952 0.0864 0.0830 0.0791 0.0727 0.0689 0.0662 0.0640 0.062 5 0.0607 0.0586 
ORIG. 0.0 6.5 11.5 16.5 31.5 46.5 61.5 76.5 91.5 106.5 121.5 
0.0968 0.0958 0.0852 0.0795 0.0744 0.0671 0.0628 0.0592 0.0561 0.0545 0.0524 0.0505 
















TABLE E.10 MEAN BED LEVELS FOR REACH LENGTH= 0.74 M 
MEAN BED LEVEL (Z) (M) 
TIME (MIN) 
0.0993 0.0994 0.0990 0.0986 0.0983 0.0979 0.0980 0.0979 020967 
ORIG. 0.0 16.0 31.0 46.0 61 .0 76.0 91.0 1 0. 
0.0965 0.0965 0.0936 0.0916 0.0898 0.087 5 0.0872 0.0860 0.0857 
ORIG. 0.0 16.0 31. 0 46.0 76.0 91. 0 106.0 120.0 
0.0994 0.0974 0.0942 0.0919 0.0907 0.0B88 0.0863 0.0841 0.0834 0.0817 0.0808 
ORIG. 0.0 6.0 11.0 16.0 31.0 46.0 61.0 76.0 106.0 120.0 
0.0991 0.0967 0.0926 0.0898 0.08 81 0.0845 0.08 20 0.0809 0.0798 0.0782 0.0772 
ORIG. 0.0 6.0 11.0 16.0 31.0 46.0 61.0 76.0 106.0 120.0 
0.0998 0.0988 0.0908 0.0871 0.0849 0.0800 0.0770 0.0744 0.0732 0.0719 0.0707 020780 
ORIG. 0.0 6.0 11.0 16.0 31 .0 43.0 64.0 76.0 91.0 106.0 1 0. 
0.0988 0.0962 0.0856 0.0813 0.07 87 0.0746 0.0718 0.0703 0.0680 0.0663 0.0660 020653 
ORIG. 0.0 6.0 11.0 16.0 31.0 46.0 61.0 76.0 91.0 107.0 1 0.0 
0.0974 0.0963 0.0849 0.0792 0.076 3 0.0721 0.0689 0.0674 0.0655 0.0639 0.0620 
ORIG. 0.0 6.0 11.0 16.0 31. 0 46.0 61. 0 76.0 91. 0 123.0 
0.1003 0.0972 0.0860 0.0785 0.07 50 0.0700 0.0668 0.0649 0.0629 0.0615 0.0589 
ORIG. 0.0 6.0 11. 0 16.0 31. 0 46.0 61. 0 76.0 91. 0 120.0 
0.1012 0.0982 0.0795 0.0734 0.0699 0.0673 0.0641 0.0611 0.0583 0.0557 0.0522 
ORIG. 0.0 6.0 11. 0 16.0 21. 0 31. 0 46.0 61. 0 76.0 106.0 
tzj 
I .... .... 
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E.2 MAXIMUM SCOUR HOLE DEPTH (ST ... 53 SERIES) 
Table E.11 : Results of Maximum Scour Depths 
Run d (mm) 
No. max t (sec) 
2.2 2.9 3.7 4.4 5.9 6.6 7.3 8.0 8.8 8.8 
ST0253 
60 330 945 1545 2805 3645 4605 5445 6345 7200 
3.6 5.9 7.3 8.8 11.0 12.5 13.2 13.9 14.7 15.4 16.9 
ST0353 
60 330 630 945 1845 2745 3945 4545 5505 6345 7260 
4.1 8.8 12.4 13.2 17.6 21. 2 23.4 24.9 25.6 25.6 
ST0453 
60 330 630 945 1845 2745 4545 5445 6345 7200 
4.1 11. 7 15.4 17.8 22.5 24.2 25.7 27.9 30.l 31.0 32.3 
ST0553 
60 330 630 945 1845 2745 3645 4545 5445 6345 7200 
2.2 15.6 22.0 25.7 32.0 35.0 37.4 40.4 42.6 44.0 
ST0753 
60 330 630 945 1845 2745 3645 4605 5445 6345 
4.4 22.0 29.4 33.0 38.2 44.0 48.4 49.9 
ST0953 
60 360 660 960 1860 3000 3660 4560 
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E.3 COMPARISON PROCEDURE RESULTS (SECTION 3.3.2) 
Table E.12 Results of Comparison Procedure (Figure 3. 9) 
Measured Derived 
- g (x,t ) ~=q/y(x,t ) g (x,t ) Run X t s se 
No. m min N/s/m m/s N/s/m 
ST0653 0.3 2.5 . 114 . 661 . 096 
7.5 . 045 .633 . 067 
12.5 .035 .619 . 052 
22.5 • 012 .600 . 034 
37 .5 • 010 
0.4 2.5 .129 . 660 . 095 
7.5 . 065 . 636 . 070 
12.5 . 050 . 617 . 050 
22.5 .020 . 597 . 032 
37.5 .013 
ST0753 0.3 2.5 . 180 .714 . 178 
7.5 . 063 .668 .105 
12.5 . 034 . 649 . 082 
22.5 . 022 . 621 . 058 
37.5 .010 .607 . 040 
0.4 2.5 .239 .716 .183 
7 . 5 . 093 . 675 . 114 
12.5 . 049 . 653 .087 
22.5 . 034 . 630 . 063 
37.5 . 014 .611 . 045 
ST0893 0.3 3 .5 . 125 . 721 .191 
9.5 . 058 .690 .135 
19.5 .023 .659 .093 
34 . 5 . 016 . 650 . 084 
0 . 4 3.5 .171 . 728 .208 
9.5 .072 .688 . 132 
19.5 .032 .656 . 090 
34.5 . 021 . 651 . 084 
ST0993 0.3 2.5 .315 . 772 . 332 
7.5 .067 . 713 . 177 
12.5 .035 . 690 .135 
22.5 .018 .672 . 110 
37 .5 .009 .660 .095 
0 . 4 2.5 . 391 . 774 . 340 . 
7.5 .106 . 722 .193 
12.5 .049 . 696 .145 
22.5 . 029 . 675 .11 3 
37.5 . 014 .659 . 093 
E-14 
Table E.12 cont. 
Measured Derived 
- g (x, t) u=q/y(x, t) g (x,t) Run X t 
s se 
No. m min N/s/m m/s N/s/m 
ST0907 0.74 5 .371 .782 • 367 
(g (x,t) 15 .109 .7 09 .169 
me~sured 30 . 055 . 680 .12 0 
45 . 044 • 669 .105 
105 . 025 .637 .071 
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Table E.13 Dimensionless Transport Rates 
8/gse 
0 
- 8/gs/x, t) q t 
3 
m /s/m min 0.2 m 0.4 m 0 . 74 m 1. 74 m 3.53 m 5.29 m 9. 29 m 
.159 5 .184 . 540 .815 . 975 . 973 • 970 • 977 
.440 • 980 1.00 
10 • 048 .153 . 357 • 938 • 949 . 957 . 974 
.144 .436 • 7 90 • 998 
15 • 033 . 091 . 239 . 878 • 912 . 941 . 970 
. 122 .310 • 708 • 970 . 990 
30 • 014 . 043 . 122 . 401 • 774 .815 . 908 
• 057 .197 . 504 .832 . 990 
60 .010 . 020 • 085 .236 .533 • 628 .738 
. 052 .116 . 395 . 690 . 962 . 991 
8/gse 
0 
.127 5 .2 66 .550 .857 . 999 . 996 1. 001 1. 008 
10 .102 . 278 . 554 . 987 • 988 . 998 1 . 002 
15 . 057 . 183 .337 . 947 . 978 . 996 • 996 
30 • 034 . 091 . 195 .583 . 946 . 955 . 985 
60 .011 • 034 .132 .283 . 761 . 802 . 921 
90 . 008 • 025 .109 .205 . 560 .644 . 690 
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E.4 DUNE BEDFORM PROPERTIES 
Table E.14 Dune Heights, Wavelengths and Steepness 
q y >..d L'ld Sd T 
3 0 (m /s/m) (m) (m) (mm) T 
C 
1.7 7 .0041 
. 068 .1164 1. 60 
1.5 5.5 . 0037 
1.5 6 • 0040 
.1316 1.0 7 .0070 1.84 
9 
1.8 11 • 0061 
.1341 1. 74 
1.43 10 . 0070 
1.44 11 . 0076 
.082 .1342 1.20 6 .0050 1.84 
1. 70 9 .0053 
2.0 9 . 0045 
.1360 1.3 6 .0046 1. 68 
11 
1.30 6 .0046 
.1364 1.40 13 . 0093 1. 77 
1.25 7 .0056 
1. 25 13 . 0104 
1.25 12 • 0096 
. 1481 1.20 13 .01 08 2.01 
1.40 14 .0100 
1. 60 11 • 0069 
1.05 10 . 0095 
16 
. 097 .1493 1. 31 10 .0076 2.02 
1.16 9 . 0078 
1. 7 13 .0076 
1. 7 13 . 0076 
.1524 0.8 10 . 0125 1.89 
12 
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Table E. 14 cont. 
q y Ad L\d Sd T 
3 0 




1.59 15 . 0094 
1.30 16 . 0123 
1.15 13 .0113 
1.0 13 . 0130 
.111 .1663 1.5 15 .0100 2.10 
1.13 12 . 0106 
12 
1.6 16 . 0100 
. 1702 1.95 23 . 0118 2. 00 
1.1 10 . 0091 
1.33 15 . 0113 
. 1755 2.34 
.87 13 . 0149 
1. 25 20 . 0160 
.1765 2.21 
. 98 12 . 0122 
1.05 12 . 0114 
1.35 17 .0126 
.1768 1.53 22 . 0143 2.35 
I' . 96 12 .0125 
.127 
1.56 18 . 0115 
.1796 2.27 
1. 79 17 • ()095 
1. 55 19 . 0123 
.1827 2.19 
14 
1.45 13 .0090 
1.68 17 . 0101 
1.10 13 . 0118 
.1838 1.18 12 .0102 2.15 
1.53 19 ,0124 
1.44 15 .0104 
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Table E.14 cont. 
q y Ad ~d Sd T 
3 0 
(m / s/m) (m) (ni) (mm) T 
C 
1.02 18 . 0176 
.84 20 .0238 
.1858 1.12 14 .0125 2.48 
1.5 23 . 0153 
1.0 20 .0200 
.1862 1.3 25 . 0192 2.44 
.140 
1.47 26 . 0177 
.1884 1.45 23 .0159 2.41 
1.03 14 . 0136 
1.45 22 .0152 
.1921 1.55 17 .0110 2.29 
1.20 19 .0158 
1.07 20 .0187 
• 2049 1.08 26 . 0241 2.62 
16 
0.8 17 . 0213 
.2078 2.55 
20 
1.47 24 . 0163 
.159 1.51 24 .0159 
.2081 1.15 30 . 0261 2.66 
1.83 30 .0164 
1.87 22 .0118 
1.11 15 .0135 
1.0 22 . 0220 
.95 18 .0189 
.2085 .85 16 .0188 2.68 
.95 20 .0210 
1. 20 30 .0250 
E- 19 




mm/s m/s mm/s m/s 
1.07 . 580 1. 75 . 693 
1.42 .653 1. 90 . 668 
1.47 .600 2.06 . 718 
1.50 .655 2.27 .751 
1.61 .655 2.34 . 740 
1. 70 .676 2.38 .748 
2.66 .715 2.85 .766 
APPENDIX F 
NON- STEADY FLOW NON- EQUILIBRIUM TRANSPORT 
RESULTS 
F.1 STEP CHANGE IN DISCHARGE 
Table F.1 Temporal Lags and Transport Rate Deficits 
* Run q liq GST Gsc t 
3 3 No. m /s/m m /s/m N/m N/m min 
X = R 9.29 m 
SC0193 . 046 . 016 75 
02 . 056 .026 61 35 51. 5 
03 .068 .038 70 38 35.3 
04 . 082 . 052 95 71 23.3 
05 .097 . 067 156 92 22.3 
06 .111 .081 149 103 15.3 
07 .128 .098 197 122 13 . 3 
08 .140 .110 241 143 12 . 8 
SC0993 .160 .130 247 149 9.3 
~ = 1. 74 m 
SC0217 . 055 . 025 55 23 51. 5 
03 .066 .036 79 35 40.3 
04 . 081 . 051 92 46 24.8 
05 .096 .066 118 55 17.3 
06 . 111 .081 158 51 15 . 8 
F- 1 
















Table F. 1 cont. 
* * Run q L'.q GST Gsc t gs 
3 3 No. rn / s/rn rn /s/rn N/rn N/rn rnin N/s/rn 
07 .128 .098 218 78 14.8 .133 
08 .140 .ll0 227 92 12.5 .180 
SC091.7 .159 .129 238 104 8.8 .258 
Bedload Yields GST and Gsc taken between 0 ~ t (. t* 
Table F. 2 Change in Dune Bedforrn Volume (0 ~ t ~ ti~) 
(a) (b) 
- * - * 
Change in Dune Transported 
Run L'./t ) :,\/t ) Vol. Vol. L'.d Ratio 
L'.(~d.~d-D50)/l 6 V (a) s vs.D50 (b) No. 3 3 3 
mm rn rn /rn rn /rn rn /rn 
SC0393 4 1.47 ,173 X 10-3 2.44 X 10-3 .0046 14.1 
04 7 1.20 .367 4.51 .0160 12.3 
05 10.5 1.0 .524 5.89 .0293 11. 3 
06 14 0.95 .706 6.57 .0436 9.3 
07 17 0.94 .875 7.82 .0630 8.9 
08 20 1.0 1.12 9.14 ,0866 8.2 
SC0993 23 1.05 1.37 X 10-3 9.52 X 10-3 .104 6.9 
F.2 TRANSLATION WAVES 
F.2.1 Comparable and Actual Transport Rates 
The following figures display both the comparable steady 
flow transport rate curve and the smoothed translation wave 
transport rate hydrograph for all the successful waves routed over 
the five test reach lengths. Detailed tabulated results of 
transport rates and the comparison procedure are available on request 
from the Dept. of Civil Engineering, University of Canterbury. 
Table F.3 Wave Bedload Yields and Strauhal Numbers 
Wave Bedload Strauhal Nos. 2 
Run Bedload Yield Yield Ratio ye ye 
No. GNS c;T/GNS u)~ (max)T qmax .T 
F- 3 
b 
(N/m) (x 10- 4) (x 10- 6) 
NS0893 944 1.07 1. 53 3.92 
06 579 1.19 2 . 35 5 . 99 
04 299 1.17 4.76 12.3 
02 125 1. 41 9. 59 24.4 
07 215 1. 24 1. 81 6. 59 
05 145 1. 31 2.72 9.80 
03 72 1.36 5 . 40 19 . 1 
NSOl 93 46 1.39 10. 6 34 . 6 
NS0853 839 1.14 1. 61 4.31 
06 538 1. 23 2.42 6.45 
04 278 1. 26 4.86 12.8 
02 106 1. 72 9.79 25.9 
03 76 1. 31 5.61 20.7 
NS0153 44 1.49 10. 9 37.3 
F-4 
Table F.3 cont. 
Wave Bedload Strouhal Nos. 2 Run Bedload Yield Yield Ratio y y 
GNS c;T/GNS 
C C 
No. u* (max)T qmax .T 
(N/m) b 10-6) (x 10-4) (x 
NS0835 735 1.23 1. 63 4.53 
06 550 1.23 2.42 6.51 
04 248 1.36 5. 02 13.8 
02 84 2.06 10 . 2 28.6 
07 173 1. 53 1.89 7. 18 
03 55 1. 69 5.83 22.4 
NS0135 28 2.29 11. 3 40.5 
NS0817 557 1.32 1. 57 4.35 
06 393 1. 30 2.39 6.66 
04 226 1.40 4.88 13.4 
02 74 2.31 9.74 26.2 
07 170 1. 36 1.84 6. 94 
05 113 1.45 2. 75 10.3 
03 45 2.12 5.56 20.8 
NS0117 26 2.49 10. 9 38.2 
NS0807 293 1.06 1.49 4.01 
06 255 1. 23 2.24 5.92 
04 212 1.08 4.49 11. 7 
02 147 1.06 9.26 23.7 
07 140 1. 32 1. 75 6.38 
05 105 1.32 2.61 9.35 
03 84 1.01 5.26 18.6 

















~LE STE.FOY RATE I I I 
sr·x:x:rr~ RATE • • • • 
NS0253 
NS06S3 
0 600 1200 l8CO 2400 3CXX) 360J 4200 480'.) 5400 6CXX) 66CX) 
Tit"E CSEC) 3 

























FIGURE F.l (b) 
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FIGURE F. 2 (b) 
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FIGURE F.3 (a) 
NS0617 
1200 1800 2400 30:X) 360J 
Til"E (SEC) 
4200 48CX) 5400 60CO 









0.45 - I NS0417 J: 














~LE srm RATE , , , 
St'OOTt-ED RFITE • • • • 
NS0817 
1200 1800 240J 3CO'.) 360) 4200 4800 5400 60CO 660J 
Til"'E CSEC) 3 
























1200 1800 2400 3CXX) 36CX) 
Tir--£ CSEC) 
~LE STEAJY RATE I I I 
St'OOTl-£0 RATE • • • • 
4200 4800 5400 6CXX) 66CO 























~LE STEFOY RATE I I I 
SMX>Tt-ED RATE • • • • 
NS0317 
NS0717 
0 600 1200 180.) 2400 3COJ 36CXJ 4200 4800 5400 6COJ 66(X) 
Til"E CSECl 3 





o.ss r-,--,--..---.-,-,---,---,i-.--,--i--,--,--,---,---,--r---T-.....,;__-T"-....... - ...... ---
0.50 
0.45 .... 
~ ~ 0.40 -













''"Y ~ tl -~ ... -,.,~ _J 0.00 {. .. QM:y•• t ~ I t I J_ 1 1 I ~V?tt~ so I I I I I I I I 
0 600 1200 1800 2400 3(XX) 36CO 4200 48CO 5400 6CXX) 660'.J 7200 
Til"E CSEC ) 3 






















60J 1200 18CXJ 2400 3COJ 3600 
Til"E (SEC) 
~LE STEAJY RATE I I i 
SM:X>ll-ED RATE • • • • 
4200 4800 5400 SOX) 660:J 























0 6CO 1200 18CXJ 2400 30X) 36CX) 
Tir-£ CSEC l 
~LE STEFOY RATE t t t 
sro:::rn-ED RATE • • • • 
4200 48CXJ 5400 60X) 660) 





















~L.£ STEFOY RATE I I I 
St'OOn-ED RATE••• • 
NS0307 
0 6CX) 1200 180J 2400 3CXX) 36CX) 4200 4800 5400 6CXX) 6600 
Tlt'E CSEC ) 3 








Table F.4 Dimensionless Wave Yield and Strauhal Numbers 
Run ~x u* (max). T GNS -- b 
No. qc y D y p max 50 max s 
(x 103) 
NS0893 5.33 2.06 133. 9 
06 5 . 33 1.39 84.7 
04 5. 33 . 696 43 . 6 
02 5.33 .353 18.8 
07 3.33 2.45 41. 9 
05 3.33 1. 65 28.7 
03 3 . 33 . 827 14.4 
NS0193 3.66 .404 8.9 
NS2893 5.33 1. 23 87.8 
Griffiths (1976) 
Wl 4.14 .400 10.8 
W2 4.14 .793 18.7 
W3 4.14 1. 61 46 . 5 
W4 2.63 .484 3.92 
W5 2.63 . 966 6.16 
W6 2.63 1. 92 17.1 
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F.2 . 2 Bedform Geometric Properties 
Table F.5 : Dune Bedform Geometric Properties 
+ Measured -+ + -comparable Steady Flow)-+ 
-
5:°d 
ST t NS - ST Run t f,. q ~d d 3 1 No. min nun m m /s/m min nun 
.068 3.0 5.0 
7 0 .082 4.1 8.5 
8.4 8.7 o. 70 .097 5.3 11. 9 
. 112 6.5 14 
9.4 11.1 0.72 .127 7.7 17 
10.5 13.4 0 . 73 .140 8.5 20 
13. 5 10.2 0.81 .159 10.0 24 
NS0293 14 .5 9.9 0 . 78 . 140 11. 6 20.8 
17.5 9.5 1.20 .127 12 . 6 17 
.112 13.7 14.2 
. 097 14 . 9 12 .5 
.082 16.0 8.8 
. 068 17 .1 4 .8 
.068 6.0 5 
. 082 8.1 8.5 
10 0 .097 10.5 12 
10.8 2.6 1. 70 .112 12.7 14 
17 13.3 0. 70 . 127 15.2 17 
21.8 16.2 o. 77 .140 17.1 20 
26.6 15.2 0.90 .140 23.2 21 
NS0493 31.6 10. 7 0.97 .127 25.2 17 
36.5 8.4 1. 21 .112 27.6 14.3 
F-22 
Table F.5 cont. 
+- Measured • +- Comparable (Steady Flow) • 
Run Ed 5;:d 
ST t NS - ST t q ti d 
3 1 No. min mm m rn / s /m min mm 
.097 30.0 12.6 
40.0 7.2 1.14 .082 32.4 8.8 
.068 34.8 4.7 
. 068 11.8 5 
16 . 0 0 . 082 15.9 8 .5 
21. 9 8.0 0.84 .097 20.9 11.5 
31. 9 14.1 0.81 . 112 25.2 14.7 
36.9 13. 7 0.70 .127 30.2 17.0 
41.8 15.2 o. 77 . 140 34.6 20.5 
NS0693 46.6 14 . 3 1.02 .159 39.7 23 .5 
53.5 13. 2 1.02 .127 51.0 17.2 
61.0 14.1 1.32 .112 55.6 14 . 1 
71.0 9 . 2 1.29 .097 59.8 11. 6 
. 08 2 64 . 5 8 . 0 
.068 68 . 8 4 .5 
.068 18.1 5 
29.5 4.3 1.32 .082 24.4 8.5 
36.3 9.7 .89 . 097 31. 9 11.5 
42.8 14.6 . 91 .112 38.4 14 . 3 
49.9 13.3 1.08 .127 45.1 17.5 
55.5 15.4 .82 .140 52.1 20.3 
60 . 3 22.7 1.16 .159 59 . 5 23.6 
NS0893 71.5 19.1 .92 . 140 69 . 0 19.1 
76 . 3 16.6 1.07 · .127 76.4 16 . 1 
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Table F.5 cont. 
+ Measured -+ + Comparable (Steady Flow)-+ 
lid X°d 
ST t NS - ST Run t q 1 lid 
3 No. min mm m m /s/m min mm 
.112 83.3 15 
80.0 16.5 1. 41 .097 89.9 12 
94.5 11. 9 1. 53 .082 97.0 8 
.068 103.2 4.4 
Table F.6 Dune Celerities During NS0493 
t y q u Cd 
3 m/s mm/s min m m /s/m 
12.5 .1608 .111 .692 3.40 
2.81 
14.5 .1725 .124 . 721 3.62 
15.5 .1783 .131 .733 3.12 
17.5 .1870 .143 .765 3.73 
18.5 .1915 .150 .785 3.36 
19.5 .1956 .157 .801 3.60 
21.5 .1930 .150 . 779 2.69 
22.5 .1900 .144 .750 2.46 
2.48 
26.3 .1692 .119 .706 2.39 
27.5 .1610 .111 .691 1.57 
30.8 .1422 .090 .633 1.13 
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F.2 . 3 Stage-Discharge Relations 
Table F. 7 Stage-Discharge Curves (NS0835 artd NS0235) 
Steady Flow NS0835 NS0235 
Discharge Stage Rising Falling Rising Falling 
q hST Stage Stage Stage Stage 
3 m /s/m m m m m m 
.03 .163 .163 .164 .164 .171 
.OS .188 .189 .190 .185 .195 
.07 .211 . 212 . 213 .209 .218 
.09 .232 .232 .233 . 231 .238 
.11 .251 .251 .252 .251 . 257 
.13 .270 .269 .272 .270 .274 
.14 .279 .278 . 282 .278 .282 
.15 .288 .286 . 289 .286 . 288 
.16 .296 .297 .297 . 294 . 294 
(measured at recorder site x = 3.25 m) 
